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GHSV – Gas Hourly Space Velocity 
XRD – X-Ray Diffraction analysis 
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                                    1. INTRODUCTION  
     1.1. Catalysis 
  
   A catalyst is a substance, which increases the rate of formation of reaction products 
without itself being consumed to a significant degree [1]. The catalysts have only an influence 
on the kinetics, but not on the thermodynamic equilibrium. It may be neutral or ionic, 
monoatomic, monomolecular, or condensed. Contrary to the simple view, all catalysts change 
to some extent in situ and possess a definite “life time” [2]. A catalyst decreases the activation 
energy of a chemical reaction.  
    Catalysis is homogenous if the catalyst and the reacting system coexist in the same phase; it 
is heterogeneous if each persists in a different phase with contact only at an interface (most 
often between a fluid and a solid). The chemical system can change in a number of different 
ways depending upon the reaction variable and the nature of the catalyst. In general, it passes 
through a series of more stable states, corresponding to intermediate products, before attaining 
ultimate thermodynamic equilibrium.  
Catalysts are thus divided into broad classes, each with a specific kind of dominant activity, 
e.g., as oxidative, reductive, and acid/ base properties.   
     Tanabe and Hölderich [3] performed a survey of industrial processes using solid acids 
(103), solid bases (10), and acid–base bifunctional catalysts (14). Clearly, solid acids have 
received most of the attention in industrial applications. However, as novel base materials 
become known and new base-catalyzed reactions are found to be commercially relevant, 
fundamental studies of solid bases will be necessary. Solid base catalysts exhibit high 
activities and selectivities for many kinds of reactions, including condensations, side chain 
alkylations, cyclizations, and isomerizations; however, many of these processes are carried 
out industrially using liquid bases as catalysts. These applications can require stoichiometric 
or over stoichiometric amounts of the liquid base. Replacement of liquid base catalysts by 
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solid bases allows easier separation from the product mixture as well as possible regeneration 
and reuse of the catalyst. 
         
Basic solids also have the added advantages of being noncorrosive and environmentally 
friendly by the fact that salt formation due to neutralization of the base with acids can be 
avoided.  
Solids that expose both acidic and basic surface sites are called “bi-functional” and represent 
an exciting new class of catalytic materials. 
       
1.2. Side chain alkylation  
          
 It is less known about the chemistry of base-catalyzed reactions on solid metal oxides 
and zeolites compared with acid-catalyzed reactions. For example, the reaction of methanol 
with toluene over acidic zeolites leads to alkylation of the aromatic ring to produce xylenes 
[4-6]. However, the side chain alkylation of toluene with methanol over solid bases is much 
less understood and less investigated. Alkali containing zeolites have been reported to 
catalyze the toluene alkylation reaction with methanol to form styrene and ethyl benzene with 
modest yield and selectivities [7-18].  
       However, the reaction still needs a lot of optimization for an industrial application 
regarding catalyst development [19-23] reaction mechanism and kinetic studies [24-33].  
It is well accepted that formaldehyde formed from methanol by dehydrogenation is the 
alkylating agent [34].  
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Figure (1) Dependence of yield of either ethyl benzene and styrene (•) or xylenes (Ο) upon the 
intermediate electronegativity Sint of various zeolites [34]   
 
Figure 1 shows the yield of alkylation of toluene with methanol as a function of the 
intermediate Sanderson electronegativity of the data taken from a lot of references, obtained 
under a variety of experimental reaction conditions. According to Sanderson’s principle the 
parameter, which is used to quantify the degree of ionic character in a bond, is called 
electronegativity (Sint). This quantity is defined as the capability of an atom in a molecule to 
attract electrons to it. 
Figure 1 indicates that the activities and selectivities are dictated by the acidity and 
electronegativity of the zeolites with the most electropositive ones producing ethyl benzene 
and styrene and the most electronegative ones catalyzing the formation of xylenes. 
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    1. 3. Zeolites 
       Zeolites are crystalline aluminosilicate minerals with a three-dimensional framework 
structure that forms uniformly sized pores of molecular dimensions. As the pores 
preferentially adsorb molecules that fit inside the pores and exclude molecules that are too 
large, they act as sieves on a molecular level. Thus, zeolites are a subset of molecular sieves. 
They consist of robust, crystalline silica (SiO2) frameworks. At some place in the frameworks 
Al3+ has replaced Si4+ and the framework carries a negative charge. Loosely held cations that 
sit within the cavities preserve the electroneutrality of the zeolite. Some of those cations are 
amenable to cation exchange and are able to reversible interact with polar molecules. These 
properties have contributed significantly to the commercial success of zeolites [35, 36]. 
According to IUPAC definition [37], porous materials have been divided into three types 
based on their pore dimensions (see Table 1). Porous solids have extensive commercial 
applications as adsorbents, catalysts and catalyst supports due to their high surface areas. 
 
             Table 1: Type of material porous 
Pore size (Å) Type 
<20  Microporous 
20-500  Mesoporous 
>500  Macroporous 
 
 
        As well known, microporous materials are zeolites [38] and zeolite-like materials. 
Zeolites consist of inorganic polymeric frameworks of tetrahedral alumina (AlO4-1) and silica 
(SiO4) units. The SiO4 unit has no net charge while the Al3+ substitution creates an overall 
negative charge on the AlO4-1 unit. The negative charge from aluminum substitution causes 
the zeolite surface to have an overall negative charge. The balance of this charge can be 
obtained with a cation, M+, reside within the zeolite; this cation can be either inorganic (e.g., 
K+, Rb+ and Cs+) or organic (e.g., quaternary ammonium compounds). Other hetero atoms 
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besides Al, such as B, Sn, Fe, Ga, P, V, Ti, Zn, Mo and Nb, can also be incorporated into the 
zeolite catalyst [39-42]. 
 
 
       1.3.1. ZSM-5, NaX, NaY as well as NaBEA zeolites 
 
       In the present work zeolites of type ZSM-5, Y, X and BEA were used. Y zeolite exhibits 
the FAU (faujasite) structure Figure (2) [43].  
It has a 3-dimentional-pore structure with pores running perpendicular to each other in x, y, 
and z planes similar to Linde Type A (LTA). The pore diameter is large at 7.4 Å since the 
aperture is defined by a 12-member oxygen ring, and leads into a larger cavity of diameter 
12Å. The cavity is surrounded by ten sodalite cages (truncated octahedra) connected on their 
hexagonal faces. Zeolite Y has a void volume fraction of 0.48, with a Si/Al ratio of 2.43. It 
thermally decomposes at 793 °C [44, 45].       
Y zeolite is the most important catalytic zeolite, e.g. for FCC-unites and is generally 
synthesized in the Na form. 
 
 
 
   
  
 
 
                                                  1.  Introduction                                                                                6
 
Figure 2:  Pore structure of Y zeolite [43]   
 
Most of the catalysis of interest is acid catalysis, which requires replacing the Na cations by 
protons, converting the sieve into the H-form. 
      Y zeolite is synthesized by using sources of alumina (sodium aluminate) and silica 
(sodium silicate) mixed in alkaline (NaOH) aqueous solution to give a gel. The gel is then 
usually heated in the range of 70 to 300 ºC for crystallization.  
Figure (2) shows that there are several extra framework sites commonly populated in cation-
exchanged faujasites, and a standard nomenclature has developed [46-48]. Five sites will be 
found to be occupied in this work: 
I : at the center of the double 6-rings 
I' : in the sodalite cage, adjacent to a hexagonal ring shared by the sodalite cage and a double 
6- ring 
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II: in the supercage, adjacent to an unshared hexagonal face of a sodalite cage 
II’: in the sodalite cage, adjacent to an unshared hexagonal face 
V: near the center of the 12-ring apertures between supercages. Cations located at different 
sites would be expected to affect catalytic properties in different ways. 
 
        
         ZSM-5 has MFI structure as shown in Figure (3). ZSM-5 is one of the most versatile 
catalysts ever found. ZSM-5 is mainly used for hydrocarbon interconversion, e.g., meta-
xylene to para-xylene. ZSM-5 is a zeolite with high silica to alumina ratio. The substitution of 
an aluminum ion (charge 3+) for a silicon ion (charge 4+) requires the additional presence of 
a proton. This additional proton gives the zeolite a high level of acidity, which causes its 
activity. ZSM-5 is a highly porous material and throughout its structure it has an intersecting 
two-dimensional pore structure. ZSM-5 has two types of pores, both formed by 10-membered 
oxygen rings. The first of these pores is straight and elliptical in cross section (Figure 3b), the 
second pores are three-dimensional crystalline networks of AlO4-1 and SiO4 tetrahedra (Figure 
3c).  
Linear channels have a diameter of 5.1 x 5.6 Å, which are perpendicular, arranged to zick-
zack channels with a diameter of 5.4 x 5.6 Å (Figure 3d) [49].  
The ZSM-5 zeolite catalysts are used in industry for many reactions. Important applications 
are ring alkylation of benzene with ethylene or propylene, Beckmann rearrangement of 
cyclohexanone oxime to caprolactam, tert-butylamine process, MTG- and MTO-processes, as 
well as isomerization, e.g. of xylenes, as well as cracking, hydrocracking, and aromatization 
reactions [50-55]. 
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Figure (3) Pore structure of ZSM-5.zeolite: (a) basic unit; (b) linked chains; (c) three-
dimensional framework; (d) channel system [49] 
 
        Beta zeolite is a well known zeolite discovered before Mobil began the "ZSM" naming 
sequence. The structure of zeolite beta was only recently determined because the structure is 
very complex and interest was not high until the material became important for some 
dewaxing and alkylation operations. Zeolite beta consists of an intergrowth of two distinct 
structures termed polymorphs A and B. The polymorphs grow as two-dimensional sheets and 
the sheets randomly alternate between the two. Both polymorphs have a three dimensional 
network of 12-ring pores. The intergrowth of the polymorphs does not significantly affect the 
pores in two of the dimensions, but in the direction of the faulting, the pore becomes tortuous, 
but not blocked. The structure of BEA–zeolite is presented in Figure 4. 
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Figure (4) Structure of BEA zeolite beta: (a) 100 projection (poly type A); (b) portion   
               of tetrahedral framework that defines the channel [56] 
 
    1.3.2. Application of zeolites 
 
         Much of the study of basic zeolite science was done on natural zeolite [18], but the need 
to assure reproducibility and steady supply, has led to a commercial business with many 
manufacturers supplying synthetic zeolite [5]. In 2000, there are approximately 130 molecular 
sieve structure registered with the Structure Commercial of the International Zeolite 
Association [19]; of those, but only about 16 are of commercial interest and produced 
synthetically, FAU, LTA, GIS, MIF, MOR, BEA, FER, LTL, MTT, TON, AEL, MWW, 
CHA, AFY, EDI, MER [2, 20, 21]. In addition, one microporous crystalline silicotitanate 
(TAM-5) has been commercialized [6, 22, 23].  
        China and Cuba consume the largest quantity of the natural zeolites. It is reported that 
they use some 3 million tons per annum primarily to enhance the strength of cement [5]. In 
the U.S.A., Western and Eastern Europe and Japan, natural zeolite consumption is 0.2 million 
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tons per annum [2] – only 15 % of the total annual zeolite consumption of 1.4-1.6 million tons 
[5, 24] (Figure 5). In these regions zeolite minerals (particularly HEU-type zeolites [5]) are 
commodities. They serve as a nutrient release agent in agriculture and horticulture, as an order 
control agent in animal husbandry, as pet litter and as a soil conditioner for golf course 
amendment and as ion exchanges to remove radioactive isotopes from the ground water and 
reactor effluents [2, 20]. 
 
Natural zeolites 15% 
Detergents 70% 
Adsorbents 8% 
Catalysts 9% 
Figure (5) Estimated annual zeolite consumption (wt.%) by the major individual application 
[17]  
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Figure (6) Regional estimated annual zeolite consumption (1000 metric tons / year)  
NA: North America, WE: Western Europe, EE: Eastern Europe, J: Japan [17] 
  
        In the U.S.A., Western and Eastern Europe and Japan, the largest tonnage of commercial 
zeolite sold is of the LTA-type (4A, NaA), primarily due to its use as a replacement for 
sodium tripolyphosphate (STPP) as a water softener in laundry detergents. (Figure 5 and 6) 
[1, 2, 24].   
        The selectivity of zeolites is due to the limited pore sizes, which only allow specific 
molecules either to enter the pores (Figure 7) or to leave the pores (Figure 8) depending on 
their size. Furthermore, bulky transition states inside the pores are restricted, thus, forming 
only one product (Figure 9). This phenomenon is called shape selectivity.  
 
 
Figure (7) Reactant selectivity 
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Figure (8) Product selectivity 
 
 
Figure (9) Restricted transition-state selectivity 
 
       The success of zeolites in catalysis results from the combination of various properties. 
Most   important for industrial applications are the protonic forms of zeolites. Nevertheless 
the nonprotonic materials can also be used for catalytic applications.  
 
   1.4. Reported catalytic systems for the alkylation of toluene 
 
       The alkylation of toluene with methanol is readily catalyzed on synthetic acidic zeolites. 
The ring alkylation occurs preferentially over acidic sites to form xylene [57, 58] out of 
toluene and methanol. On the other hand the side-chain alkylation occurs preferentially over 
basic zeolites [59-62]. Zeolites are attractive materials for alkylation reactions because there 
acid–base properties can be easily modified by dealumination, isomorphous substitution, or 
ionic-exchange. The role of the acid–base properties of zeolite catalysts on the product 
distribution of aromatic alkylation reactions has been reviewed by Giordano et al. [34].  
        Chunhua Ding and co-worker [62] studied the characterization and catalytic alkylation of 
hydrothermally dealuminated nanoscale ZSM-5 zeolite catalyst. 
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      The catalytic performance of the catalysts was investigated using alkylation of toluene 
with methanol and ethyl benzene with ethanol as probe reaction. The results indicated that the 
nanoscale ZSM-5 catalysts treated at temperatures up to 800 °C maintained good crystallinity. 
For the catalyst steam treated at 700 °C, the catalytic activity for the alkylation of toluene 
with methanol and the selectivities to xylenes were improved. However, the total acid amount 
decreased significantly and strong acid sites almost disappeared. The alkylation activity was 
very low when the hydrothermal treatment temperature was 800 °C. Correspondingly, the 
activity of the catalysts for the alkylation of ethyl benzene with ethanol decreased with 
elevated treatment temperatures.  
       Side-chain alkylation of toluene with methanol over alkali exchanged zeolites X, Y, L, 
and BEA were studied by W. S. Weiland and co-workers [63]. Alkali-exchanged zeolites X 
and Y were active for toluene alkylation but primarily decomposed methanol to carbon 
monoxide. Cesium-exchanged zeolites L and BEA zeolites were also active for side chain 
alkylation but required higher temperatures to attain similar aromatic yields. The observed 
activities of L, BEA, X, and Y demonstrate that zeolites with one-, two-, and three-
dimensional pore networks catalyze side-chain alkylation. They conclude that among X and Y 
zeolites, Cs-exchanged materials were the most effective catalysts for side-chain alkylation of 
toluene with methanol. Impregnation of CsX with about 0.8 wt % boric acid resulted in 
substantial promotion of alkylation activity and selectivity, presumably due to the partial 
neutralization of strongly basic sites that decompose methanol to carbon monoxide. Cesium-
exchanged L and BEA zeolites also catalyzed the alkylation reaction, but with significant 
formation of formaldehyde instead of carbon monoxide. These zeolite particles were smaller 
in size and far less basic-than X and Y zeolites. Alkylation of toluene over a ball milled Y 
zeolite resulted in the same aromatic selectivity as an unmilled sample, which suggests that 
methanol decomposition to carbon monoxide is fairly independent of particle size in the range 
investigated [63].  
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 In a previous study W. S. Weiland and co-workers [64] studied solid base catalysts for 
side-chain alkylation of toluene with methanol 5:1 molar ratio on alkali-exchanged zeolites X, 
Y, L and BEA. Cesium-exchanged zeolite X was found the most effective alkali-containing 
catalyst for the alkylation reaction. The results investigated a wide variety of solid bases, 
including alkali-exchanged zeolites X, Y, L and BEA zeolites, and alkali-impregnated carbon 
and magnesia, as catalysts for the side-chain alkylation. In addition, the effects of adding 
Group IIIA elements (B, Al, Ga, In) to the catalysts were examined. At 680 K and 
atmospheric pressure, the major reaction products were styrene, ethyl benzene, and carbon 
monoxide. Of the Group IIIA additives that were tested, only boron promoted the alkylation 
reaction. The primary effect of adding boron was to reduce the decomposition of methanol to 
carbon monoxide. Apparently, boron selectively modifies the sites associated with methanol 
decomposition without inhibiting the sites active for alkylation. A borated Cs-carbon sample 
also catalyzed the alkylation reaction, demonstrating that a zeolite framework is not necessary 
to form the active site. 
           A. E. Palomares and co-workers [65] studied key requirements for the side chain 
alkylation of toluene over basic catalysts. They used infrared spectroscopy to study sorption 
and reaction of toluene and methanol over various basic catalysts (MgO, hydrotalcites, and 
basic zeolites). The size of the metal cations controls the preference of sorbing methanol or 
toluene; i.e., the larger the metal cation, the higher the preference for toluene. They conclude 
that several requirements have to be met to successfully catalyze the side chain alkylation of 
methanol. The catalyst needs to (i) have sufficient base strength to dehydrogenate methanol to 
formaldehyde, (ii) stabilize toluene on the surface or in the pores and activate its methyl 
group, and (iii) establish adequate sorption stoichiometry between toluene and methanol. Cs-
X catalyst has 78 mol. % selectivity to side chain alkylation and 12 mol. % selectivity to ring 
alkylation using tubular quartz reactor (W/F = 1.2 x 105 g of catalyst, a liquid mixture of 
toluene and methanol 3:1 molar ratio).  
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         A. Borgna and co-works studied active sites of Y zeolites in the alkylation of toluene 
with methanol, a study by selective acid–base poisoning [66]. The alkylation of toluene with 
methanol was studied over alkali and alkaline earth exchanged Y zeolites. 
MgY produced essentially xylenes and alkylated C9 compounds. This zeolite was deactivated 
only by co-feeding 3, 5-dimethyl pyridine, thereby indicating that exclusively acid sites are 
involved in the ring alkylation of toluene with methanol. In contrast, zeolite CsY formed 
mainly styrene and ethylbenzene, and was strongly deactivated by the addition of either acid 
or base compounds.  
 
1.5  The reaction mechanism  
       It is well known, that the alkytion of toluene with methanol in the presence of acid 
catalysts result in the formation of xylenes. However, in contrast in the presence of basic 
catalysts side chain alkylation occurs and ethyl benzene and styrene are formed.   
 
1.5.1. The reaction in the presence of acidic catalyst 
Route of alkylation of toluene with methanol over acid catalysts is: 
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1.5. 2. Reaction in the presence of basic catalysts 
 
Route of alkylation of toluene with methanol over basic catalysts is: 
 
 
Styrene Ethyl benzene
OH
H
H
Toluene Methanol
H
H
H
H
H H
H
H
H
H
CCCC
H
H
CC ++
  
  
 
        The side chain alkylation occurs on basic sites [7, 67-69] of the catalysts. The major 
undesirable side reaction thereby is the decomposition of methanol to CO. 
It is generally believed that the side chain alkylation of toluene takes place by interaction of 
the methyl group of toluene in microsporous voids of the catalyst through multiple steps 
according to the following mechanism:    
I) Methanol has to react with the basic catalyst to form formaldehyde and formats with a 
strongly positively polarized C-atom [68] 
 
 
 
 
 
 
 
 
 
 
 
 
 
II) The methyl group of toluene has to interact strongly with the basic framework oxygen 
atoms activating the aliphatic carbon atom and intermediate formed 
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III) Styrene is formed from the intermediate after removal of water 
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H
HH
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-H2O 
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    IV) The observed formation of ethyl benzene seems to be a secondary product derived 
from hydrogenation of the primary formed styrene. 
 
 
 
H2
C
CH3
H
C
CH2
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                               Ethyl benzene                                    Styrene  
 
 
  
  Itoh and co-workers [67] studied the mechanism of the side-chain alkylation of toluene 
with methanol. A detailed mechanism of the reaction has been investigated by using quantum 
chemistry. Experimental results have shown that this reaction proceeds consecutively; styrene 
is primarily formed by the reaction of toluene with formaldehyde produced by the 
dehydrogenation of methanol, followed by the hydrogenation of styrene to form ethyl 
benzene. The quantum chemical calculations have shown that the presence of a basic site is 
necessary for this side-chain alkylation, whereas the benzene-ring alkylation of toluene takes 
place on acidic sites. These findings are in accordance with the experiments.  
Furthermore, the calculations have indicated that specific configurations of acidic and basic 
sites with steric restrictions are required for the side-chain alkylation of toluene. This might 
explain the experimental results that alkali-cation-exchanged X and Y zeolites exhibit a 
higher activity for this alkylation compared to the other catalysts employed.  
Afterwards, Itoh and co-workers [68] studied the role of acid and base sites in the side-chain 
alkylation of alkylbenzenes with methanol on two-ion-exchanged zeolites. The role of acid 
and base sites in the side-chain alkylation has been investigated using p-xylene on single- and 
two-ion-exchanged zeolites. Rb and Li two-ion-exchanged X type zeolites with the Li/Rb 
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ratio of about 0.1 showed a higher activity than RbX and KX which showed the highest 
activity in single-ion-exchanged zeolites. RbX with a small amount of Li ion has slightly 
stronger acid sites than RbX, as measured by the temperature-programmed desorption (TPD) 
of ammonia and the Hammett indicators. Two cations in a zeolite are considered to form 
different active sites, such as acid and base sites. It is concluded that as the active centres, the 
cooperative action of acid and base sites is necessary in the side-chain alkylation of 
alkylbenzenes with methanol. 
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2. Alkylation of toluene with methanol over ZSM-5 catalysts 
2.1 Acidity and Basicity 
2.1.1 Pure HZSM-5 
          
       The acidity of the pure HZSM-5 catalyst supplied by Zeolyst International (VALFOR® 
CBV 2050E) was determined by NH3-TPD, Figure (10). It exhibit two well resolved 
desorption peaks: the low temperature peak (LTP) at 130-250 °C and the high temperature 
peak (HTP) at 420-520 °C. Generally, LTP and HTP correspond to weak and strong acid 
sites, respectively [69].  
On the other hand TPD-CO2 analyses give almost a strait line. That means there are only a 
few basic sites in HZSM-5 catalyst (VALFOR® CBV 2050E) if any at all. 
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               Figure (10) NH3-TPD curves of HZSM-5. 
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2.1.2 HZSM-5 with different metal exchanged 
      The HZSM-5 was ion exchanged with 0.025 M aqueous solutions of alkali chloride at 
ambient temperature, over night for three times.  After each individual exchange step  the 
material was dried at 110 °C for 22 hours. Finally the ion exchanged materials were dried 
and then calcined in a muffle furnace in air atmosphere at 550 °C for two hours. 
      The acidity of materials were investigated by FT-IR spectra after pyridine adsorption and       
       NH3 and CO2- TPD analysis. 
 
2.1.2.1 Pyridine FT-IR investigation   
 
FT-IR spectra of pyridine adsorbed on HZSM-5 at different temperatures between 50 to 
300 °C are shown in Figure (11). 
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Figure (11) FT-IR spectra of pyridine adsorbed on HZSM-5 catalyst at 50, 100, 150, 200 and 
300 °C in the region 1400-1700 cm-1.  
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       There are well-resolved bands at about 1440, 1545, 1575, 1640 and 1490 cm-1. The 
bands at 1440, and 1575 cm-1 are assigned to pyridine adsorbed on Lewis acid sites, and 
pyridine adsorbed on Broensted (protonic) acid site at 1545 and 1640 cm-1, while the band 
at 1490 cm-1 is attributed to the adsorbed pyridine species on both Broensted and Lewis 
acid sites [52, 74]. It can be observed, the bands of pyridine adsorption decrease according 
to increasing temperatures. That means the catalyst has less acidic sites at high 
temperatures than low temperatures.  
 
FT-IR spectra of pyridine adsorbed on HZSM-5 and the ZSM-5 catalysts ion exchanged 
with 0.025 M Na, K, Rb and Cs catalysts are shown in Figure (12). 
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Figure (12) FT-IR spectra of pyridine adsorbed on HZSM-5 and the different ion 
exchanged catalysts at 100 °C in the region 1400 – 1700 cm-1. 
 
      Figure 12 shows FT-IR spectra in the region 1400-1700 cm-1 after pyridine adsorption at 
100 °C. There are well-resolved bands at about 1440, 1545, 1575, 1640 and 1490 cm-1. The 
bands at 1440 and 1575 cm-1 are assigned to pyridine adsorbed on Lewis acid-bound, 
Broensted acid-bound at 1545 and 1640 cm-1, and both Lewis and Broensted acid-bound at 
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1490 cm-1 [52, 74]. The amplitude of all these bands decreases by increasing atomic size of 
the alkali metal. That means NaZSM-5 has the more acidic sites than the others alkali metal 
containing ZSM-5 catalysts.  
 
2.1.2.2 NH3- TPD analyses 
 
     Figure 13 represents NH3-TPD analysis of 0.6 wt.% K and 0.24 wt.% CsZSM-5 obtained 
by ion exchange using 0.025 M KCl and 0.025 M CsCl solutions.   
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Figure (13) NH3-TPD curves of HZSM-5 ion exchanged with 0.025 M KCl (0.6 wt.% K) 
and 0.025 M CsCl (0.24 wt.% Cs). 
 
Both materials show two desorption peaks at about 200 and 460 °C, corresponding to 
weak and strong acid sites, respectively. It can be observed that, 0.6 wt.% KZSM-5 has a 
higher amount of NH3 adsorbed than 0.24 wt.% CsZSM-5. Cs ion exchange decreases the 
acidic sites of HZSM-5.  
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2.1.2.3 CO2- TPD analyses 
 
Figure 14 represents CO2-TPD analysis of 0.6 wt.% KZSM-5 and 0.24 wt.% CsZSM-5. 
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Figure (14) CO2-TPD curves of 0.6 wt.% KZSM-5 and 0.24 wt.% CsZSM-5. 
 
      Figure (14) shows the CO2-TPD curves of HZSM-5 catalyst treated with 0.025 M KCl 
(0.6 wt.% K) and 0.025 M CsCl (0.24 wt.% Cs). Two desorptions peaks are found at 
about 220 °C and 570 °C for 0.6 wt.% K and at about 270 °C and 570 °C for 0.24 wt.% 
Cs, corresponding to weak and strong basic sites, respectively. It can be observed that 
0.24 wt.% CsZSM-5 has a somewhat higher amount of CO2 desorbed compared with 0.6 
wt.% KZSM-5. That means Cs ion exchanged HZSM-5 catalyst has more basic sites than 
the K ion exchanged HZSM-5.   
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2.2 BET analyses 
 
    Table (2) represents the surface area of pure HZSM-5 (VALFOR® CBV 2050E) and the 
materials treated with different concentrations of NaOH solution. 
 
Table (2): Summary of nitrogen sorption and BET surface area analyses for the pure HZSM5 
and the material treated with different concentrations of NaOH. 
 
Samples 
BET Surface 
Area (m2/g) 
Micropore Surface 
Area (m2/g) 
Micropore volume 
(cm3/g) 
 HZSM-5 (VALFOR® 
CBV 2050E) 
402 223 0.1071 
0.01 M NaOH/ ZSM-5 
375 219 0.1058 
0.1 M NaOH/ ZSM-5 
294 213 0.1037 
 
       After treatment with NaOH solution, the BET surface area decreased from 402 m2/ g for 
HZSM-5 to 294 m2/ g for HZSM-5 treated with 0.1 M NaOH solution; that means the alkaline 
metal blocks some of the pores. In addition the micropore surface area also decreased from 
223 m2/g for HZSM-5 to 213.4 m2/g for HZSM-5 treated with 0.1 M NaOH solution.  
 
Table (3): Summary of nitrogen sorption and BET surface area analyses for the pure ZSM5 
and different impregnation addition of (Rb+) as RbCl. 
 
  Samples 
BET Surface 
Area 
(m2/g) 
Micropore Surface 
Area 
(m2/g) 
Micropore volume 
(cm3/g) 
    HZSM-5 402 223 0.1071 
1 wt.% RbZSM-5 392 266 0.1293 
2 wt.% RbZSM-5 359 233 0.1125 
5 wt.% RbZSM-5 347 242 0.1173 
 
       The nitrogen sorption and BET surface area analysis for HZSM-5 catalyst and different 
RbZSM-5 catalysts obtained by impregnation of rubidium chloride as plotted in Table (3). 
The impregnation addition of (Rb+) metal ion led to a decrease in the surface area compared 
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with the HZSM-5. The decrease in BET surface area is in correspondence to the increasing 
Rb concentrations. The addition of 1 wt.% Rb metal ion led to an increase in the micropore 
surface area and micropore volume compared with HZSM-5. Higher concentrations of Rb 
decrease micropore surface area and micropore volume. 
 
2.3 ICP AES analyses     
 
    Table (4) presents the ICP-AES analysis for different metal ion exchanged materials using 
the chloride salts. 
   Table 4: Summary of ICP AES analyses ion exchanged of HZSM-5 with different metals. 
Sample Aluminium 
(mg/g) 
Silicon 
(mg/g) 
Si/Al 
(weight/weight) 
Alkali metal 
(mg/g) 
0.025 M NaCl/ZSM-5 16 419 26.2 1.63 
0.025 M KCl/ZSM-5 13 466 35.8 6 
0.025 M RbCl/ZSM-5 12.9 467 36.2 4 
0.025 M CsCl/ZSM-5 12.5 370 37.6 2.4 
 
      Si/Al ratios of alkali ZSM-5 were increased with increasing size of the alkali metal used 
for the exchange. This results in an increase of the number of basic sites on ZSM-5 [69].  The 
0.16 wt.% NaZSM5 treated with 0.025 M NaCl has lower weight of Si and higher weight of 
Al than the other ion exchanged materials; as a result this catalyst has a higher share of acidity 
than the other alkali exchanged catalysts [70].  
 
Table 5: Summary of ICP AES analyses for different NaOH ion exchanged on the  
            HZSM-5 catalyst. 
Sample Aluminum 
(mg/g) 
Silicon (mg/g) Si/Al 
(weight/weight) 
Na Metal 
(mg/g) 
HZSM-5 16.0 419.0 26.2 1.2 
0.01 M NaOH/ZSM-5 15.6 397.5 25.5 2.2 
0.025 M NaOH/ZSM-5 15.3 394.2 25.7 6.6 
0.1 M NaOH/ZSM-5 15.85 393.5 24.8 14.2 
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Table (5) represents the ICP-AES analyses of ZSM-5 treated with different concentrations of 
NaOH. The higher the concentration of the NaOH solution the more basic sites on ZSM-5 
should be found. 
 
2.4 Alkylation of toluene with methanol over HZSM-5 catalysts 
  
        Alkylation of toluene with methanol over HZSM-5 catalyst (VALFOR® CBV 2050E) is 
presented in Tables (6-8) and Figures (15-17), respectively, at different temperatures in the 
range from 300 to 500 oC under atmospheric pressure using various molar toluene: methanol 
(5:1), (3:1), (1:1), (1:3), and (1:5) molar ratios. Because no differences between the ratios 5:1 
and 3:1 or 1:5 and 1:3 were observed the tests with higher dilution will be not presented. 
 
Table 6: Alkylation of toluene over HZSM-5 catalyst using toluene: methanol (1:1) molar 
ratio at different reaction temperatures. 
 
Reaction 
temperatures 
Conversion 
toluene 
(mol.%) 
 
Conversion 
methanol 
(mol.%) 
 
Selectivity 
styrene 
(mol.%) 
 
Selectivity 
ethyl benzene 
(mol.%) 
Selectivity 
benzene 
(mol.%) 
 
Selectivity 
xylenes 
(mol.%) 
 
Selectivity 
others 
(mol.%) 
300 °C 23.5 99.9 0 1.3 1.4 71.0 23.4 
350 °C 26.8 99.9 0 1.0 5.0 74.0 16.1 
400 °C 31.3 100 0 0.5 7.9 76.4 13.0 
450 °C 36.0 100 0 0.3 15 73.8 12.7 
500 °C 40.7 100 0 0.3 18.5 70.7 9.5 
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Figure (15) Alkylation of toluene over HZSM-5 at different reaction temperatures using 1:1 
toluene: methanol molar ratio. 
 
      Table (6) and Figure (15) represent the alkylation of toluene with methanol over HZSM-5 
at temperatures between 300 °C and 500 °C using 1:1 toluene: methanol molar ratio. The 
conversion of methanol is 100 mol.% for all temperatures studied. Conversion of toluene 
increases with increasing temperatures and reaches up to 40.7 mol.% at 500 °C to form 
mainly xylenes. The selectivity to benzene increased, too, due the dealkylation of toluene. In 
contrast, selectivities to other products (e.g. pentamethyl benzene, hexamethyl benzene, 
tetramethyl benzene, trimethyl benzene … etc.) were decreased from 23.4 mol.% at 300 °C to 
about 9.5 mol.% at 500 °C. No styrene was found at all and only a trace of ethyl benzene 
appears with 1.3 mol.% at 300 °C. 
 Ghiaci et al. [71] studied the alkylation of toluene with methanol over ZSM-5 and found 
primarily a mixture of xylenes. Disproportionation and/or transalkylation might take place in 
addition to the akylation of the benzene ring.  
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 The higher conversion of methanol may come from formaldehyde, which decomposes to the 
gases CO, and H2. The formation of the formaldehyde (HCOH) on ZSM-5 zeolite catalysts. 
CO can be oxidized to CO2; this mechanism has also seem confirmed by other authors [7, 63, 
72-73]. As figure 15 shows, a few compounds, which are denoted as (other products) are 
observed among the retained organics, and virtually all these products represent polymethyl 
benzene (poly MBs). Hexamethyl benzene (hexaMB) is most abundant, followed by 
pentamethyl benzene (pentaMB), tetramethyl benzenes (tetraMBs) and trimethyl benzenes 
(triMBs) [74, 75].  
A more comprehensive study involving a broader selection of ZSM-5 samples is currently in 
progress.  
It is surprising that we did not find any olefins or paraffin’s as side products, since the well-
know methanol to olefin and methanol to gasoline reactions start from methanol at similar 
temperature and catalyst.   
Therefore, the conversion of methanol to hydrocarbons (MTH) or olefins (MTO) or gasoline 
(MTG), as be observed by several authors [74-79] did not take place.  
 There are different authors reported the catalysts which used in industrial process to produce 
hydrocarbons or olefins or dimethyl ether [74- 76] as the following:  
Bjoergen et. al. [73] studied the mechanism of conversion of methanol to hydrocarbons over 
zeolite H-ZSM-5. The catalytic reactions were carried out in a fixed-bed Pyrex reactor using 
60 mg of catalyst. The reaction temperature was between 290 and 390 oC. Methanol, either 
13C-enriched or ordinary 12C methanol was fed by passing a He carrier gas stream, maintained 
at 35 mL min−1, through a saturation evaporator kept at 20 oC. The resulting feed partial 
pressure was 130 hPa, giving a feed rate (WHSV) of 7.0 g g−1 h−1. They suggested that an all-
dominating external coking of HZSM-5 explain the superior lifetime properties of this 
catalyst. It should address the general validity of this statement, because it is well know that 
the process of coke formation (i.e., cyclization and hydrogen transfer reactions) is closely 
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related to the acidic site density of the zeolite. The low Al content (Si/Al= 140), implies slow 
aromatization reactions. But in this work the experiments were carried out for HZSM-5 
samples with Si/Al ratio as low as 25 and found that the overall picture did not seem to 
change dramatically; no additional compounds (e.g., olefins and paraffin's) appeared, even 
though the relative and absolute concentration of the confined organics different somewhat.        
Tvaruzkova et al. [77] used zeolite type HLZ-132 with a Si/A1 molar ratio of 33 as a catalyst 
for methanol transformation. The experiments were carried out in the range of 350 to 500 oC 
as our conditions but they used a feed containing methanol 17%, water 68% and nitrogen 
15%. The total pressure was 10 kPa. At 400 oC and after 1 h on stream, the product 
distribution was as follows: C2 hydrocarbons 51 wt% (with less than 1% of ethane), propane 
3.5 wt%, propylene 34.5 wt%, C4 and C5 hydrocarbons 10.5 wt%, and less than 0.5 wt% of i-
butene and aromatics.  
 
Masudaa et al. [78] used ZSM-5 zeolite catalyst membrane reactor to convert the methanol to 
olefins at 673 K and at different pressures reaching to 13.3 kPa. The membrane was used as a 
catalytic membrane reactor to recover olefins from methanol. By adjusting the diffusion rate 
to the chemical reaction rate for producing olefins within the ZSM-5 zeolite layer. 
Mikkelse and Kolboe [79] studied the conversion of methanol to hydrocarbons over different 
zeolite catalysts at 400 °C and a methanol pressure of about 160 mbar. There was a 
preponderance of saturated and aromatic hydrocarbons in the product, ethene, propene, 
propane; isobutane, hexamethyl benzene, and some pentamethyl benzene were the dominant 
products. The aromatic products over these zeolites are quite different. Zeolite beta is 
selective for hexamethyl benzene and mordenite is selective for pentamethyl benzene, while 
ZSM-5 gives mostly di- and trimethyl benzenes and some small amounts of the slimmest 
tetramethyl benzene, i.e. durene. 
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There are differences between all of the previous publications and the present work in the 
reaction conditions like pressure, but the main different is that all of them used only methanol 
as feed reactant, while in this work methanol was mixed with toluene in a 1:1 molar ratio. 
Hathaway and Dings as well as Wieland [7, 62-64] obtained similar results in the alkylation 
of toluene with methanol. 
Both of Chang et. al., and Hutchings [75, 76] studied the methanol conversion reaction over 
zeolite catalysts at temperatures as low as 220-240 °C, to give hydrocarbon products. The 
products are a broad mixture of hydrocarbons, including alkenes, alkanes and arenes. But in 
present work alkylation reaction with methanol over ZSM-5 carried out at temperature 
between 300-500 °C.   
 
 The alkylation of toluene with methanol over HZSM-5 at different reaction temperatures 
using (3:1) toluene: methanol molar ratio is depicted in Table (8) and Figure (16).  
 
Table 7: Alkylation of toluene over HZSM5 catalyst using toluene: methanol (3:1) molar ratio 
at different reaction temperature. 
Reaction 
temperatures 
Conversion 
toluene 
(mol.%) 
 
Conversion 
methanol 
(mol.%) 
 
Selectivity 
styrene 
(mol.%) 
 
Selectivity 
ethyl 
benzene 
(mol.%) 
Selectivity 
benzene 
(mol.%) 
 
Selectivity 
xylenes 
(mol.%) 
 
Selectivity 
others 
(mol.%) 
300 °C 16.3 100 0 0 3.5 70.5 25.9 
350 °C 18.7 100 0 0 6.2 74.2 19.6 
400 °C 23.0 100 0 0 11.3 77.2 11.5 
450 °C 27.7 100 0 0 17.1 73.5 9.5 
500 °C 34.0 100 0 0 30.6 62.1 7.4 
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Figure (16) Alkylation of toluene over HZSM-5 catalyst using toluene: methanol 3:1 molar 
ratio at different reaction temperatures. 
 
         Conversion of methanol is always 100 mol.% at all reaction temperatures. The 
difference of the conversion of toluene and the conversion of methanol result in the formation 
of the gases CO2, CO and H2 which are detected by GC (using TCD detector), through the 
composition of the formaldehyde (HCOH). Conversion of toluene was increased with 
increasing temperature. The selectivities of xylenes increase up to 400 °C resulting in about 
77 mol.%. Afterwards it decreases. The benzene selectivity increases by enhanced 
temperatures due to dealkylation. The selectivities of other products (e.g. pentamethyl 
benzene, hexamethyl benzene, tetramethyl benzene, trimethyl benzene … etc.) were decline 
with increasing temperatures. No styrene or ethyl benzene detected.  
Alkylation of toluene with methanol over pure HZSM-5 at different reaction temperatures 
using (1:3) toluene: methanol molar ratio is represented in Table (8) and Figure (17). 
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Table 8: Alkylation of toluene over HZSM5 catalyst using toluene: methanol (1:3) molar ratio 
at different reaction temperature 
Reaction 
temperatures 
Conversion 
toluene 
(mol.%) 
 
Conversion 
methanol 
(mol.%) 
 
Selectivity 
styrene 
(mol.%) 
 
Selectivity 
ethyl 
benzene 
(mol.%) 
Selectivity 
benzene 
(mol.%) 
 
Selectivity 
xylenes 
(mol.%) 
 
Selectivity 
others 
(mol.%) 
300 °C 48.0 87.4 0 1.2 0.8 59.0 37.5 
350 °C 51.5 91.0 0 0.93 3.0 66.3 28.6 
400 °C 53.8 95.0 0 0.53 5.0 68.2 25.5 
450 °C 54.0 98.2 0 0.4 9.4 69.0 21.3 
500 °C 53.9 98.1 0 0 14.8 65.8 20.3 
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Figure (17) Alkylation of toluene over HZSM-5 catalyst using toluene: methanol 1:3 molar 
ratio at different reaction temperature. 
 
      Conversions of methanol and toluene were increased by temperature reaching a maximum 
at 450 °C about 98 and 54 mol.%, respectively. Additionally the selectivity of benzene was 
enhanced with increasing temperature up to 500 °C due to decomposition of toluene at high 
reaction temperature. Selectivities of xylenes increase with increasing temperature up to 450 
°C. In contrast selectivities of other products decrease with temperatures. No styrene was 
found at all and only a trace of ethyl benzene of 1.2 mol.% appears at 300 °C.  
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In general the 1:1 toluene: methanol molar ratio was suitable for alkylation of toluene because 
it has lowered selectivities to benzene and xylenes, but a little bit more ethyl benzene was 
found. 
 
2. 5 Influence of reaction time on the performance of HZSM-5 
 
   Influence of reaction time on the catalytic performance has been studied at 350 °C as 
suitable reaction temperature using a 1:1 toluene: methanol molar ratio as shown in Figure 18. 
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   Figure (18) Influence of reaction time on activity and selectivity of the catalyst at     
                  350 °C. 
  
The reaction was carried out for 240 minutes to study the effect of reaction time on the 
activity and the selectivity of the catalyst. The stability of the catalytic activity can be divided 
into two periods: Period I up to 60 minutes, the conversion of toluene increased by increasing 
the reaction time. However, the selectivities of all products maintained almost constant. In 
  
                      2.  Alkylation of toluene with methanol over ZSM-5 catalysts                                                35
period II, after 60 minutes stable conversion of toluene as well as selectivities of all products 
are constant.  
 
2. 6 Effect of different concentrations of NaOH in the treatment HZSM-5 
 
          HZSM-5 catalyst treated with different concentrations of NaOH 0.01 M (0.22 wt.% 
Na), 0.025 M (0.66 wt.% Na) and 0.1 M (1.42 wt. % Na). Thereby the slurry is stirred at 100 
°C over night. After filtration, the catalyst was dried at 110 °C and calcined at 550 °C 2 h 
prior to reaction. 
        Figures 19 and 20 represent toluene and methanol conversion as well as selectivities of 
styrene, ethyl benzene, benzene and all xylenes (o, p and m-xylene) and other products (for 
example 1,2,3 TMB 1,3,5 TMB, pentamethyl benzene hexamethyl benzene, 1,2,3,4 tetra 
methyl benzene …etc.) at 400 °C and 450 °C respectively, by using different concentration of 
Na on ZSM-5 catalysts. 
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Figure (19) Effect of different concentration addition NaOH on HZSM-5 at 400 °C. 
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     Figure (19) represents the results at 400 °C. Selectivity of ethyl benzene was rising up to 
about 45 mol.% for 1.42 wt.% Na /ZSM-5. %. The selectivity of styrene risings up to 23 
mol.% for 0.66 wt.% Na and then it reaches almost steady state. A rapid decrease of the 
conversion of toluene and selectivities of xylenes was observed with increasing concentration 
of Na wt.% on HZSM-5. The benzene selectivity i.e. decomposition is also reduced strongly 
to about 0 mol.% on the 1.42 wt.% Na. The methanol conversion was always 100 mol.%. 
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Figure (20) Effect of different concentration addition NaOH on HZSM-5 at 450 °C. 
 
        At 450 °C Figure 20, conversion of methanol was also always 100 mol.% for all 
samples. Conversion of toluene and selectivities of xylenes were sharply decreased with 
increasing concentration Na to a minimum of 0.5 and 13 mol.%, respectively. The high 
concentration of alkaline might cause blocking zeolite pores. No benzene was formed any 
more over 0.66 wt.% Na on HZSM-5. Maximum selectivities of styrene and ethyl benzene are 
obtained up to of about 22 and 31 mol.%, respectively, for 1.42 wt.% Na. 
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With respected to the conversion the HZSM-5 catalyst treated with 0.01 M NaOH (0.22 wt.% 
Na) is the efficient active sample for side chain alkylation of toluene because it has maximum 
conversion of toluene. However, with respected to selectivities of styrene and ethyl benzene 
the 1.42 wt.% Na /ZM-5 is the favored catalyst.   
         In general, alkylation results over the catalysts with different Na-concentrations on 
HZSM-5 are in agreement with ICP analyses (see Table 6). Therefore, when ICP AES 
analyses for different Na concentrations show an increase of basic sites of ZSM-5 zeolite, 
more side chain alkylation occurs. No correlation between the BET surface area and activity 
of the catalyst for the alkylation reaction.   
 
2. 7 Effect of alkali metal addition on HZSM-5 catalyst  
 
     In the following basic ZSM-5 catalysts are prepared by alkali metal ion addition either by 
impregnation method or by ion exchange method.  
  
2.7.1 Impregnation method: 
 
      The effect of the alkali metals Cs+ and Rb+ addition on HZSM5 should be an increase in 
the basicity of the catalyst. Hathaway and Davis reported that [7], impregnation alkali ions 
into the pores of zeolites promoted the side chain alkylation of toluene to form ethyl benzene 
and styrene. 
About 1, 2 and 5 wt.% of Rb and Cs were impregnated on HZSM-5 by the impregnation 
method using the chloride salts. The preparation occurs by impregnation of each wt.% of 
alkali metal on HZSM-5. Thereby the slurry is stirred at 100 °C over night then dried at 110 
°C and calcined at 550 oC for 2 hours before reaction. The alkylation reaction was carried out 
under the same previous conditions.  
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2.7.1.1 Impregnation with RbCl 
 
      Different amounts of Rb were impregnated on HZSM-5, resulting in the catalysts 1 wt.% 
Rb/ ZSM5, 2 wt.% Rb/ ZSM-5 and 5 wt.% Rb/ ZSM-5. The reactions were carried out with a 
mixture of 1:1 molar ratio at different reaction temperatures in the range of 350 to 500 oC as 
shown in Figures (21-24).  
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Figure (21) Alkylation of toluene by using different concentration (Rb+) impregnated   
                on HZSM-5 at 350 °C using 1:1 toluene : methanol molar ratio.  
 
       At 350 °C (Figure 21) the impregnation of RbCl on HZSM-5 catalyst decreased in the 
selectivities to xylenes and benzene. Conversion of toluene was increased with increasing 
concentration of rubidium on HZSM-5 and reaches 56 mol.% using the 5 wt.% RbZSM-5. 
The selectivities of styrene and ethyl benzene are increased with increasing Rb concentration 
and reached to 15 and 19.5 mol.%, respectively. On the other hand the selectivities for 
xylenes and benzene were decreased with enhanced Rb concentration and reaches a minimum 
of about 0.4 mol.% benzene and 48 mol.% xylene for 5 wt.% Rb/ZSM-5. Conversion of 
methanol was always 100 mol.% in all cases, thereby most of methanol converted to CO, CO2 
as well as H2.  
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Figure (22) Alkylation of toluene by using different concentration (Rb+) impregnated   
                on HZSM-5 at 400 °C using 1:1 toluene : methanol molar ratio. 
 
       At 400 oC (Figure 22) conversion of toluene and selectivities of styrene and ethyl 
benzene increased with the increasing Rb-concentration, reaching a maximum about 55, 17 
and 25 mol.% respectively at 5 wt.% Rb/ZSM5. Selectivities of xylenes were reduced to 50 
mol.% at 5 wt.% Rb/ZSM-5. As in the case of 350 °C, the selectivity to benzene was 
decreased with increases the Rb concentration to a minimum of about 3.7 mol.% for 5 wt.% 
Rb/ZSM-5. Conversion of methanol was always 100 mol.% for all sample catalysts, since 
most of methanol converted to gases (like CO, CO2 and H2).  
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Figure (23) Alkylation of toluene by using different concentration (Rb+) impregnated    
             on HZSM-5 at 450 °C using 1:1 toluene : methanol molar ratio. 
 
          Alkylation of toluene at 450 °C over RbZSM-5 catalyst is depicted in Figure 23. Also at 
this temperature the conversion of toluene increased with temperature. Selectivity to styrene 
was obtained only over Rb impregnated HZSM-5 and increased with increasing wt.% Rb. The 
same behavior was observed for ethyl benzene selectivity, reaching 23 mol.% when using 5 
wt.% Rb. The selectivity to benzene deceased with increasing Rb concentration down to 5 
mol.%. Conversion of methanol was always 100 mol.%, according to GC. Here again most of 
methanol was converted to gases like CO, CO2 as well as H2. 
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Figure (24) Alkylation of toluene by using different concentration (Rb+) impregnated    
             on HZSM-5 at 500 °C using 1:1 toluene : methanol molar ratio. 
 
         Alkylation of toluene at 500 °C over RbZSM-5 catalyst (Figure 24) shows the same 
behavior as at 450 °C. Conversion of toluene increases with temperature and reaches 57 
mol.% for 5 wt.% Rb. Conversion of methanol is always 100 mol.%, since most of methanol 
conversion are gases. The selectivities of styrene and ethyl benzene increase with increasing 
Rb concentration up to 12 and 23 mol.%, respectively, in the case of the 5 wt.% RbZSM-5. 
The selectivities to benzene and xylenes deceased down to 7 and 50 mol.%, respectively, by 
increasing Rb concentration.      
 
2.7.1.2 Impregnation with CsCl 
 
        Impregnation of HZSM-5 with CsCl has the same effect as the impregnation with RbCl 
but that already at lower reaction temperature. Figures (25-28) represent the results at 350 °C, 
400 °C, 450 °C and 500 °C, respectively.     
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Figure (25) Alkylation of toluene by using different concentration (Cs+) impregnated on 
HZSM-5 at 350 °C using 1:1 toluene: methanol molar ratio.  
 
          Figure (25) shows toluene alkylation results over HZSM-5 impregnated with different 
concentrations CsCl at 350 °C. The results clearly indicate that with an increase of wt.% Cs 
on ZSM-5, the conversion of toluene increased. The selectivities of styrene and ethyl benzene 
enhanced up to 18 mol.% and 23 mol.%, respectively. The selectivities of xylenes and 
benzene are reduced with increasing Cs concentration reaching 46.7 and 0.5 mol.%, 
respectively. Conversion of methanol was always 100 mol.%, since most of methanol up to 
300 °C converted to gases like CO, CO2 and H2.  
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Figure (26) Alkylation of toluene by using different concentration (Cs+) impregnated on 
HZSM-5 at 400 °C using 1:1 toluene: methanol molar ratio. 
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Figure (27) Alkylation of toluene by using different concentration (Cs+) impregnated on 
HZSM-5 at 450 °C using 1:1 toluene: methanol molar ratio. 
 
         At 400 °C and 450 °C Figures 26 and 27. The impregnation of CsCl on HZSM-5 
enhances the conversion of toluene reaching 52 mol.% at 400 °C and 56 mol.% at 450 °C. 
Conversion of methanol was always 100 mol.%. The selectivities of styrene and ethyl 
benzene were increased with increasing Cs concentration to reach to 26 at 400 °C and 25 
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mol.% at 450 °C, respectively. In contrast, the selectivities of xylenes and benzene were 
decreased to about of 46.6 and 2.5 mol.%, respectively, at 400 °C and 45 and 6.4 mol.%, 
respectively, at 450 °C.  
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Figure (28) Alkylation of toluene by using different concentration (Cs+) impregnated on 
HZSM-5 at 500 °C using 1:1 toluene: methanol molar ratio.  
 
            Alkylation of toluene at high temperature (Figure 28) of 500 °C is less selective to 
side chain reaction than at 450 °C, since the selectivities of ethyl benzene and styrene increase 
reach to 13.5 and 18.8 mol.%, respectively, when the 5 wt.% CsZSM-5 is applied. In contrast, 
the selectivities of xylene and benzene were decreased to about of 41 and 6.5 mol.%, 
respectively.  Conversion of methanol was always 100 mol.%, most of methanol conversion 
resulted in gases (like CO, CO2 and H2). The conversion of toluene enhanced over HZSM-5 
impregnated with CsCl reaching 59 mol.%.    
 In general, alkylation of toluene at the side chain using alkali impregnated HZSM-5 is 
particular efficient at 450 °C reaction temperature. 
          The results provide strong evidence that activity and selectivities of styrene and ethyl 
benzene enhanced by impregnation of alkali metal on ZSM-5 up to 5 wt.%. These results 
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imply that impregnation of alkali metal on HZSM-5 led to increase the basic sites, which are 
responsible for side chain alkylation [64, 80-81].    
         These catalytic activity results were correlated to the CO2-TPD profiles of the samples 
(Figure 14). The main reason for the higher activity of the samples with higher Cs or Rb 
containing content due to increase the bacisity of the catalyst. 
Thus, these results demonstrate that the selectiveties of styrene and ethyl benzene are strongly 
dependent on the amount and strength of the basic sites. 
 
2.7.1.3 Relation between catalytic performance and different Rb contents on ZSM-5 
 
      The following Figures show the relation between conversion of toluene as well as 
selectivities of ethyl benzene, styrene, benzene and xylenes on different concentrations of Rb 
impregnated on HZSM-5 in the dependence upon the reaction parameters. 
 
   2.7.1.3.1 Conversion of toluene 
        Relation between conversion of toluene and different concentration of Rb on HZSM-5 at 
different reaction temperatures are detected in Figure 29. The conversion of toluene was 
increased with the Rb concentration on HZSM-5. The conversion of toluene increased with 
increasing temperatures reaching to 55 mol.% at around 450 °C over 5 wt.% Rb/ZSM-5. 
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  Figure (29) Effect of different concentrations of Rb impregnated on HZSM-5 and conversion 
of toluene at different reaction temperatures. 
 
2.7.1.3.2 Selectivity of ethyl benzene 
 
        Figure 30 shows the relation between the selectivity of ethyl benzene and different 
concentration Rb on HZSM-5 at different reaction temperatures. The selectivity of ethyl 
benzene increases sharply with increasing the concentration of Rb on ZSM-5. On the other 
hand selectivity of ethyl benzene increased with temperature reaching a maximum about 25 
mol.% at 400 °C. This behavior is strongly related to the increase of the basicity of the 
catalyst.  
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  Figure (30) Effect of different concentrations of Rb impregnated on HZSM-5 and selectivity 
of ethyl benzene at different reaction temperatures. 
 
2.7.1.3.3 Selectivity of styrene 
 
        The relation between selectivity of styrene with different Rb concentrations on HZSM-5 
at different reaction temperatures is presented in Figure 31. Thereby the selectivity of styrene 
start to appear by addition of Rb on HZSM-5 reaching a maximum with about 18 mol.% at 
450 °C.  
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  Figure (31) Effect of different concentrations of Rb impregnated on HZSM-5 and selectivity 
of styrene at different reaction temperatures. 
 
2.7.1.3.4 Selectivities of xylenes 
 
         Figure 32 shows the relation between selectivities of xylenes and the different 
concentrations of Rb on HZSM-5 at various temperatures. The impregnation of RbZSM-5 led 
to sharp decline of the selectivities of xylenes according to the reduction of acid sites and the 
increase of basic sites in the catalyst.   
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  Figure (32) Effect of different concentrations of Rb impregnated on HZSM-5 and 
selectivities of xylenes at different reaction temperatures. 
 
2.7.1.3.5 Selectivity of benzene 
 
         Relation between selectivity to benzene and different concentration of Rb on HZSM-5 
at different reaction temperature from 350 to 500 °C are detected in Figure 33. The addition 
of Rb on HZSM- led to a decrease the selectivity of benzene as well as reaction temperatures 
reach minimum amount about 0.4 mol.% using 5 wt.% Rb /ZSM-5 at 350 °C.    
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  Figure (33) Effect of different concentration of Rb impregnated on HZSM-5 and selectivity 
of benzene at different reaction temperatures. 
 
2.7.1.4 Relation between catalytic performance and different Cs contents on ZSM-5 
    
 2.7.1.4.1 Conversion of toluene 
         
        Figure 34 shows the relation between conversion of toluene and different concentrations 
of Cs on HZSM-5 at different reaction temperatures. The conversion of toluene was increased 
with the Cs concentration on HZSM-5. The conversion of toluene increased with increasing 
temperatures reaching to 59 mol.% at around 500 °C over 5 wt.% Rb/ZSM-5. 
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Figure (34) Effect of different concentrations of Cs impregnated on HZSM-5 and conversion 
of toluene at different reaction temperatures. 
 
2.7.1.4.2 Selectivity of ethyl benzene 
 
      Relation between the selectivity of ethyl benzene and different concentrations of Cs on 
HZSM-5 at different reaction temperatures is presented in Figure 35. The selectivity of ethyl 
benzene increases sharply with increasing the concentration of Cs on ZSM-5. On the other 
hand selectivity of ethyl benzene increased with temperature reach a maximum about 26 
mol.% at 450 °C.  
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Figure (35) Effect of different concentrations of Cs impregnated on HZSM-5 and selectivity of 
ethyl benzene at different reaction temperatures. 
 
 
2.7.1.4.3 Selectivity of styrene 
 
        The relation between selectivity of styrene with different Cs concentrations on HZSM-5 
at different reaction temperatures is presented in Figure 36. The impregnation of Rb on 
HZSM-5 led to sharp increase of the selectivity of styrene reaching a maximum with about 25 
mol.% at 450 °C, according to the increase of the basicity of the catalyst and the reaction 
temperature up to 450 °C.  
 
 
  
                      2.  Alkylation of toluene with methanol over ZSM-5 catalysts                                                53
HZSM-5 1 wt.% Cs/ZSM-5 2 wt.% Cs/ZSM-5 5 wt.% Cs/ZSM-5
0
5
10
15
20
25
C
on
ve
rs
io
n 
&
 s
el
ec
tiv
ity
 in
 m
ol
.%
Catalysts
 350 °C
 400 °C
 450 °C
 500 °C
 
Figure (36) Effect of different concentrations of Cs impregnated on HZSM-5 and selectivity of 
styrene at different reaction temperatures. 
 
2.7.1.4.4 Selectivities of xylenes 
 
        Figure 37 shows the relation between selectivities of xylenes and the different 
concentrations of Cs on HZSM-5 at various temperatures. A sharp decline of the selectivities 
of xylenes was detected with increasing the impregnation of Rb ZSM-5, according to the 
reduction of acid sites and the increase of basic sites in the catalyst.   
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Figure (37) Effect of different concentrations of Cs impregnated on HZSM-5 and selectivities 
of xylenes at different reaction temperatures. 
 
2.7.1.4.5 Selectivity of benzene 
 
         Relation between selectivity to benzene and different concentration of Cs on HZSM-5 at 
different reaction temperature from 350 to 500 °C are detected in Figure 38. The addition of 
Cs on HZSM- led to a decrease the selectivity of benzene as well as reaction temperatures 
reach minimum amount about 0.4 mol.% using 5 wt.% Cs /ZSM-5 at 350 °C, due to 
dealkylation of toluene to benzene.    
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Figure (38) Effect of different concentration of Cs impregnated on HZSM-5 and selectivity of 
benzene at different reaction temperatures. 
 
   2.7.2 Effect of different metal ion exchanged on HZSM-5 
 
         The effect of different metal ion exchanged ZSM-5 catalysts was studied. The parent 
catalyst HZSM-5 (VALFOR® CBV 2050E) was exchanged with a 0.025 M aqueous solution 
of the halides CsCl, RbCl, KCl and NaCl three times. Thereby the slurry is stirred at 100 °C 
over night. After filtration, the catalyst was dried at 110 °C and calcined at 550 °C 2 h prior to 
the reaction. 
       The following Figures 39, 40, 41 and 42 represent toluene and methanol conversion as 
well as selectivities of styrene, ethyl benzene, benzene and all xylenes (o, p and m-xylene) 
and other products (for example 1,2,3 TMB 1,3,5 TMB, pentamethyl benzene hexamethyl 
benzene, 1,2,3,4 tetra methyl benzene …etc.) at 350, 400, 450 and 500 °C respectively, by 
using different alkali metal ion exchanged (Na+, K+, Rb+ and Cs+) ZSM-5 catalysts. 
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        2.7.2.1 HZSM-5 treated with 0.025 M NaCl solution  
300 350 400 450 500
0
10
20
30
40
50
60
70
80
90
100
C
on
ve
rs
io
n 
&
 s
el
ec
tiv
ity
 in
 m
ol
.%
Reaction temperatures °C
 Conv. methanol
 Conv. toluene
 Select. ethyl benzene
 Select. styrene
 Select. benzene
 Select. xylenes
 Select. others
 
Figure (39) Alkylation of toluene at different reaction temperatures over HZSM-5 treated with 
0.025 M NaCl solution resulting in 0.16 wt.% NaZSM-5. 
  
       Figure (39) presents, the alkylation of toluene over HZSM-5 zeolite treated with 0.025 M 
NaCl (0.16 wt.% Na) at different reaction temperatures. The conversion of toluene can be 
divided into two periods: Period I up to 400 °C with rapid increase of toluene conversion of 
about of 53 mol.% and period II, up to 500 °C exhibiting stable conversion. Conversion of 
methanol was always 100 mol.% at different reaction temperatures. Selectivity of styrene 
increases by rising reaction temperatures reaching a steady state of 19.5 mol.% at 400 °C.     
No benzene was found at all reaction temperatures. The selectivities of xylenes were 
somewhat decreased by increase the reaction temperatures but have still a high level of 
around 60 mol.%.  
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2.7.2.2 HZSM-5 treated with 0.025 M KCl solution   
300 350 400 450 500
0
10
20
30
40
50
60
70
80
90
100
C
on
ve
rs
io
n 
&
 s
el
ec
tiv
ity
 in
 m
ol
.%
Reaction temperatures °C
 Conv. methanol
 Conv. toluene
 Select. ethyl benzene
 Select. styrene
 Select. benzene
 Select. xylenes
 Select. others
 
Figure (40) Alkylation of toluene at different reaction temperatures over HZSM-5 treated with 
0.025 M KCl solution resulting in 0.6 wt.% KZSM-5. 
 
       Figure 40 represents the results over a HZSM-5 zeolite treated with 0.025 M KCl solution 
(0.6 wt.% K). The conversion of methanol is 100 mol. % over the whole temperature range. 
The higher conversion of methanol compared with the toluene conversion comes from the 
formation of the gases, CO2, CO and H2 as detected by GC (using TCD detector).  
At 450 °C, the conversion of toluene reaches a maximum of 56.7 mol.%. The selectivity of 
styrene was slightly decreased with increasing temperatures. The selectivities of xylenes and 
ethyl benzene appear to maintain on the same level for the different reaction temperatures. No 
benzene was detected up to 450 °C, but at 500 °C, there is a little amount of about 3 mol.% 
benzene due to the decomposition of toluene.  
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2.7.2.3 HZSM-5 treated with 0.025 M RbCl solution 
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 Figure (41) Alkylation of toluene at different reaction temperatures over HZSM-5 treated 
with 0.025 M RbCl solution resulting in 0.4 wt.% RbZSM-5. 
 
      The results for the alkylation of toluene over 0.4 wt.% Rb ZSM-5 obtained by treatment 
with 0.025 M RbCl solution is plotted in Figure 41. At an increase of the reaction temperature 
from 300 °C to 500 °C, the enhancement of toluene conversion was observed. The maximum 
toluene conversion reached 58 mol.% at 500 °C. As mentioned before a substantial amount of 
methanol is converted to the gases CO2, CO and H2, which are detected by GC (using TCD 
detector), through the composition of the formaldehyde (HCOH). According to literature the 
presence of strong basic sites, toluene seems to prevent the decomposition of the intermediate 
formaldehyde to CO and H2 [7, 61]. 
 Selectivities of styrene and ethyl benzene maintain on the same level at around 20 mol.% for 
each reaction temperatures. The formation of benzene starts at around 450 °C. 
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2.7.2.4 HZSM-5 treated with 0.025 M CsCl solution 
300 350 400 450 500
0
10
20
30
40
50
60
70
80
90
100
C
on
ve
rs
io
n 
&
 s
el
ec
tiv
ity
 in
 m
ol
.%
Reaction temperatures °C
 Conv. methanol
 Conv. toluene
 Select. ethyl benzene
 Select. styrene
 Select. benzene
 Select. xylenes
 Select. others
 
Figure (42) Alkylation of toluene at different reaction temperatures over HZSM-5 treated with 
0.025 M CsCl solution resulting in 0.24 wt.% CsZSM-5. 
 
       Figure 42 represents the results for HZSM-5 zeolite treated with 0.025 M CsCl solution 
(0.24 wt.% Cs) / ZSM-5 in the temperature range of 300 °C to 500 °C. Maximum conversion 
of toluene is indicated with 67.7 mol.% at 450 °C. The ethyl benzene was exhibit stable 
selectivity around of 19.5 mol.%. Also, at 450 °C the selectivity of styrene reached to 
maximum of about 24.5 mol.%. In contrast the selectivity of xylene decreases somewhat by 
raising the reaction temperature up to 500 °C. No benzene was formed and the selectivities of 
other products are less than 2 mol.%.    
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2.8 Comparison between different alkali metal ions exchanged HZSM-5 
 
       The study of the comparison between different alkali metal ions exchanged HZSM-5 
zeolite at 450 °C as suitable temperature, using 1:1 toluene: methanol is illustrated in Figure 
43. The catalysts were prepared by ion exchange three times, including intermediate 
calcinations.  
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Figure (43) Comparison between different alkali metal ions exchanged on HZSM5 at 450 °C 
using 1:1 toluene: methanol molar ratio.  
 
         In the presence of 0.24 wt.% CsZSM-5, highest conversion of toluene at around 70 
mol.% and lowest selectivities of xylenes with about 50 mol.% were observed. Benzene and 
other products could not be detected except in the case of 0.6 wt.% KZSM-5 and 0.4 wt.% 
RbZSM-5, with less than 2.5 mol.%.  Conversion of methanol was always 100 mol. % over 
all catalysts. About 40 % of methanol was consumed by CO, CO2 and H2. However, as known 
from the literature [7, 62] HCHO decomposes into CO and H2 when interacting with base 
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sites. In addition, the rate of decomposition of formaldehyde increases with the strength of the 
base sites. Hence, if formaldehyde is formed as an intermediate on ZSM5, it is likely that this 
can only be proved in an indirect manner, viz. through the occurrence of its decomposition 
products [7, 61]. 
         Therefore, the sequence of alkali metal ions exchanged zeolite with respected to 
efficiency and selectivities to ethyl benzene and styrene is:  
                                Cs > Rb   > K > Na/ ZSM-5  
           As it is illustrated before in the FT-IR spectra of pyridine adsorbed on the different 
alkali metal ions exchanged HZSM-5 (see Figure 12) are agreement with the catalytic 
performance in the alkylation of toluene. Thereby, the more acidic or less basic 0.16 wt.% 
NaZSM-5 catalyst shows highest selectivities to xylenes compared with the other alkali 
metals as shown in Figure 38. The 0.24 wt.% CsZSM-5 catalyst with highest basicity presents 
lower selectivities of xylenes and higher selectivities to styrene and ethyl benzene. Also these 
results are in good agreement with ICP analysis of different alkali metal exchanged on 
HZSM-5, since  the size of the alkali metal led to wt.% increase of the metals on HZSM-5 as 
well as to an increase in the Si/Al ratio. Such behavior was already found Barthomeuf [70]. 
This means side chain alkylation of toluene depends on the size of alkali metal ion exchanged 
on HZSM-5. 
      There are some advantages to the ion exchange method in comparison to the impregnation 
method when we compare the most active catalysts in both cases. Cs metal impregnated or 
ion exchanged HZSM-5 gave the best results for side chain alkylation at 450 °C. But 
(1) no benzene was found in case of the ion exchange method, in contrast to the 
impregnated material over which about 5 mol.% were detected.  
(2) the conversion of toluene was about 56 mol.% in case of the impregnation method, but 
it reached 67.7 mol.% using the ion exchange method.  
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(3) selectivities to styrene and ethyl benzene were almost the same according to both 
methods. But the main advantage of ion exchange over impregnation is in the amount 
of alkali consumed during the preparation of the catalyst. It was found that ion 
exchange needs less amount of alkali metal than impregnation method.  
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3. Alkylation of toluene with methanol over X- and Y-zeolites  
 
3.1 X-ray 
        XRD analyses of NaY and NaX zeolite as provided by Zeolyst (CBV100) were 
investigated. The typical characteristic XRD patterns were identified. 
 
 3.2 FT-IR investigations of NaY-zeolite catalysts 
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Figure (44) FT-IR spectra of NaY zeolite (6.7 wt.% Na) and NaY zeolite treated with 0.025 M 
NaCl solution (7.9 wt.% Na) and 0.1 M NaCl solution (9.6 wt.% Na).   
 
      The FT-IR spectra of NaY zeolite and NaY zeolite treated with 0.025 as well as 0.1 M 
NaCl are shown in Figure (44). The FT-IR spectra have two bands at about 460 and 800 cm−1, 
representing the formational vibration and symmetric vibration of Si–O bonds respectively 
[80]. The absorbance increased with higher concentration of Na on the treated NaY zeolite.   
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3.3 Acidity and Basicity  
         Acidity and basicity of NaY and NaX zeolite as well as different metal ion exchanged 
on NaY zeolite was detected by NH3- and CO2- TPD analysis.  
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Figure (45) NH3-TPD curves of NaY  zeolite and NaX  zeolite  
 
       Figure 45 shows the NH3-TPD curves of NaX  zeolite and NaY zeolite, both of them 
have one desorption peak at around 250 oC, corresponding to mild acidic sites [81] but in 
contrast to ZSM-5 catalyst (see Figure 13) there is no strong acidity. In case of the 9.9 wt.% 
NaX zeolite there is a shoulder at 370 °C indicating some acidic sites with somewhat higher 
acidity. The acidic property of NaX zeolite is similar to that of NaY zeolite. However NaY 
zeolite has much less acidic sites than the NaX zeolite.  
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NH3-TPD desorption curves of NaY-zeolite and NaY zeolite treated with 0.1 NaCl are 
depicted in Figure 46.  
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Figure (46) NH3-TPD desorption curves of NaY-zeolite and NaY zeolite treated with 0.1 M 
NaCl solution. 
 
        Figure 46 illustrates that the commercial NaY zeolite shows higher NH3 desorption than 
NaY treated with 0.1 NaCl solution. Each of them have one desorption peak at about 240 °C 
assigned to mild strong acid sites. This means NaY zeolite with higher concentration of Na 
led to a decrease in the acidic sites.
 
 
        On the other hand TPD-CO2 analyses for commercial NaX zeolite give almost a strait 
line. That means there are only very few basic sites. But TPD-CO2 analysis for NaY zeolite 
shows some desorption peaks, one appears at about 200 °C and another one at about 740 °C 
(Figure 47), indicating a few medium and some strong basic sites.  
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Figure (47) CO2-TPD desorption curves of pure NaY and NaX  zeolites.
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Figure (48) NH3-TPD curves of 6.7 wt.% Na, 2.4 wt.% K, 1.2 wt.% Rb and 1 wt.% Cs /Y 
zeolite. 
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       Figure 48 shows the NH3-TPD curves of the different metal ion exchanged NaY zeolite. 
Since 6.7 wt.% Na Y zeolite has one desorption peak starting at around 150 °C. This peak is 
shifted to 250 °C for the other alkali metal ions exchanged Y zeolites, corresponding to mild 
acid site. It can be observed, the amount of NH3 adsorbed decreased by increasing atomic size 
of alkali metal ion exchanged. Therefore NaY zeolite has highest amount of NH3 desorbed 
than other alkali metal ion containing material. This means NaY zeolite has more acidic sites 
than the others alkali metal ion exchanged materials. In contrast, 1 wt.% Cs has lowest 
amount of NH3 desorption than others alkali metal ions; therefore 1 wt.% Cs/ Y zeolite has 
lowest acidic sites, but most probably the highest basic sites.    
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Figure (49) CO2-TPD desorption curves of 0.025M (1.2 wt.% Rb) Rb and (1  wt.% Cs) Cs / Y-
zeolite.  
 
       Figure (49) shows the CO2-TPD curves of the Rb and Cs metal ions exchanged NaY 
zeolite. For 1 wt.% CsY the desorption peaks are at 150 and 300 °C and for 1.2 wt.% RbY  
about 200 and 350°C, respectively. That means both zeolites have weak and medium strong 
basic sites. The Cs containing sample contains higher basic strength than the Rb containing 
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material. The amount of the CO2 desorbed increases slightly by increasing the atomic size of 
alkali metal.  
    The CO2- TPD profiles of pure NaY zeolite (6.7 wt.%) and NaY zeolite treated with 0.1 M 
NaCl solution (9.7 wt.%) are presented in Figure 50. 
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Figure (50) CO2-TPD desorption curves of pure NaY-zeolite and NaY zeolite treated with 0.1 
NaCl. 
 
       Figure 50 show that both NaY zeolite (6.7 wt.%) and NaY zeolite treated with 0.1 NaCl 
solution (9.7 wt.%) have only one major desorption peak at about 210 °C, are assigned to very 
weak basic sites. But the amount of CO2 desorbed from NaY zeolite treated with 0.1 M Na is 
higher than in the case of NaY zeolite itself. This means more addition Na on NaY zeolite led 
to more basic sites.       
 
  3.4 ICP AES analyses  
Different concentrations of Na on NaY zeolite as provided by Zeolyst International Company 
(CBV100) are presented in Table (9) 
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Table (9): Summary of ICP AES analyses for the NaY zeolite and different Na+ metal ion 
concentrations, calcined at 550 °C. 
Sample Aluminum (mg/g) Silicon (mg/g) Si /Al 
(weight/weight) 
Na metal 
(mg/g) 
   NaY zeolite  87.7 242.0 2.67 67.60 
0.025 M Na/Y zeolite 96.3 270.0 2.80 78.90 
0.05  M Na/Y zeolite 95.2 270.4 2.84 82.55 
0.1    M Na/Y zeolite 92.5 263.0 2.85 96.70 
  
       As illustrate in Table 9 the amount of Na increases with increased concentration of NaCl 
solution used for the treatment of parent catalyst. On the other hand the Al content and Si/Al 
ratio slightly increase with increase of Na on Y zeolite. That means an increase the basicity on 
NaY zeolite catalyst [81]. Table 10 shows clearly that the order of increasing Na metal 
exchange level obtained by ICP-AES chemical analyses is exactly the order of increasing 
base concentration of the NaY catalyst. There is therefore a good agreement between the 
results of ICP-AES chemical analysis and the FT-IR data. 
   3.5 BET analyses 
Table (10) shows the BET surface area of NaY zeolite with 647 m2/g, and NaX zeolite 576 
m2/g. This fact can have an influence on the catalytic performance.  
 
Table (10): Summary of nitrogen sorption and BET surface area analyses for the Na Y and 
NaX zeoite. 
Samples BET Surface Area 
(m2/g) 
Micropore Surface 
Area (m2/g) 
Micropore volume 
(cm3/g) 
NaY zeolite  
647 586 0.2854 
NaX zeolite 576 533 0.2612 
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   3.6 Catalytic activity of X- and Y-zeolite catalysts 
 
       To explore the catalytic performance of the various NaX and NaY zeolite catalysts, their 
activities were tested for the alkylation of toluene with methanol to form o-, m- and p-
xylenes, ethyl benzene, styrene, benzene, pent methyl benzene, hexa methyl benzene, tri 
methyl benzene and tetra methyl benzene.  
 
          3.6.1 Comparison between NaY and NaX-zeolite for alkylation reaction  
 
       Figures (51a and 51b) show comparison between (6.9 wt.%) NaY and (9.9 wt.%) NaX 
zeolite for the alkylation using a 1:1 toluene: methanol molar ratio at different temperatures in 
the range from 350 to 500 oC. The mixture of toluene and methanol was pumped into the 
reactor, at a rate of 4 ml per hour liquid in nitrogen carrier gas = 3 L / hour. Prior to the 
reaction test, the catalysts were pretreated under purified flowing nitrogen (3 L/hour) at 500 
°C. 
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Figure (51a) Comparisons between (9.9 wt.% Na) NaX and (6.9 wt.% Na) NaY zeolites at 350 
and 400  °C using a mixture of toluene: methanol (1:1).  
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Figure (51b) Comparisons between (9.9 wt.% Na) NaX and (6.9 wt.% Na) NaY zeolites at 450 
and 500 °C using a mixture of toluene: methanol (1:1).  
 
        Figures 51a and 51b illustrate that the NaX zeolite performs higher selectivities for the 
xylenes than the NaY zeolite at all reaction temperatures, but at low conversion of toluene of 
maximum of around 3 mol.% for NaX and around 10 mol.% for NaY. The selectivities of 
styrene and ethyl benzene for NaY zeolite reaches only 11 and 11.2 mol.%, respectively, at 
500 °C in comparison with NaX zeolite resulting in about 9 and 9.8 mol.%, respectively. 
These results have a good agreement with NH3-TPD analysis (Figures 45); however NaY 
zeolite has much less acidic sites than the NaX zeolite.   
 
3.6.2 Influence of the different salts for the ion exchange of NaY-zeolite 
 
      Since NaY zeolite is more active and selective than NaX zeolite for alkylation of toluene, 
it was tried to increase the activity of NaY zeolite by addition of other alkali metals via ion 
exchange. 
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     3.6.2.1 Effect of different concentrations of Na+ on NaY zeolite 
  
       The NaY zeolite as provided by Zeolyst International Company (CBV100) has a Na 
content of 6.7 wt.%.  
       Now a suspension of this NaY zeolite was treated with different concentrations of sodium 
chloride 0.025 M (7.8 wt.% Na), 0.05 M (8.2 wt.% Na) as well as 0.1 M (9.7 wt.% Na) at 100 
°C over night, then dried at 110 oC and afterwards calcined at 550 °C for 2 hours. 
  The alkylation reaction was carried out under the same reaction conditions using (1:1) molar 
ratio of toluene: methanol at 400 °C as shown in Figure 52.  
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Figure (52) Alkylation of toluene with methanol over NaY-zeolite and different content of Na 
in NaY-zeolite at 400 °C using toluene: methanol 1:1 molar ratio. 
 
      The conversion of toluene raised slightly to about 7 mol.% over NaY zeolite with about 
9.7 mol.% Na. Conversion of methanol is around 99 mol.% for all samples. The higher 
conversion of methanol is, as it was observed also for the ZSM-5 zeolites, due to the 
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formation of gases like CO, CO2 and H2. Selectivities of styrene and ethyl benzene increased 
up to about 13 and 29 mol.%, respectively, in the presence of the 9.7 wt.% Na zeolite. In 
contrast the selectivities of xylenes decreased with increasing the concentration of Na wt.% in 
the NaY zeolite.  Selectivity of benzene appears at a stable amount of around 5 mol.%.  
It was found that the treatment with 0.025 M NaCl solution (7.8 wt.% Na) is a suitable 
concentration of alkali metal, since this treatment led to the observed increase of conversion 
of toluene and selectivities to styrene and ethyl benzene. When using a higher Na-
concentrtion only a slightly increase for conversion of toluene and selectivities of styrene and 
ethyl benzene occurred.   
  
 Theses results are in agreement with FT-IR investigation Figure (44) and ICP-AES analyses 
Table (10), since higher concentration of NaCl on NaY zeolite diminished the number of 
acidic sites on the catalyst. Also, that in the agreement with NH3 and CO2-TPD analyses 
(Figures 46 and 50) since the original NaY zeolite with 6.7 wt.% Na has higher number of 
acidic sites than NaY treated with additional amount of Na. This means the original NaY 
zeolite is more selective for ring alkylation products i.e. xylenes and higher alkylated 
compounds. In contrast NaY zeolite treated with additional NaCl has higher number basic 
sites than the original NaY (see Figure 50). That means it has more selective properties for 
side chain alkylation (styrene and ethyl benzene formation) as shown in Figure 47.   
 
  3.6.2.2 K+ ion exchanged NaY zeolite 
 
       (5.1 wt.% Na/ 2.4 wt.% K / Y-zeolite) was prepared by treatment of NaY with 0.025 M 
KCl solution. A 5.2 wt.% Na, 2.2 wt.% K/Y zeolite was prepared with 0.025 M potassium 
acetate (CH3COOK) and nitrate (KNO3). Because there is no difference between CH3COOK 
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and KNO3 treated material a comparison will be only given between the chloride and acetate 
obtained material.   
 
       Figures (53a and 53b) show this comparison at different reaction temperatures 350, 400, 
450 and 500 °C. 
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Figure (53a) Comparison between NaY zeolite ion exchanged with 0.025 M KCl solution and 
0.025 M CH3COOK solution at 350 and 400 °, using a mixture of toluene: methanol (1:1). 
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Figure (53b) Comparison between NaY zeolite ion exchanged with 0.025 M KCl solution and 
0.025 M CH3COOK solution at 450 and 500 °C, using a mixture of toluene: methanol (1:1). 
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 Figure 53a and 53b shows that, with respected to conversion of methanol and toluene the 
NaY treated with potassium chloride gives somewhat better results than the catalyst in which 
the potassium acetate was used. The selectivities of ethyl benzene and styrene by using KCl 
reach 12.2 mol.% and 12.1 mol.%, respectively, at 450 °C. That is more than in the case of 
potassium acetate finding 10 mol.% and 9 mol.%, respectively. In contrast the selectivities of 
benzene and the other products found by KCl treatment are less than in the case of potassium 
acetate. Therefore, it was considered that the efficiency is in the row   
                       K+ (Cl-)   > K+ (CH3COO-) ≈ (NO3-) /Y zeolite 
 
 
3.6.2.3  Rb+ ion exchanged NaY zeolite 
        Rb-Y zeolites are prepared by treating with 0.025 M (5.2 wt.% Na/ 1.2 wt.% Rb) 
rubidium chloride (RbCl) and 0.025 M (5.4 wt.% Na/ 1.1 wt.% Rb a) rubidium acetate 
(CH3COORb). 
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Figure (54a) Comparison between NaY zeolite ion exchanged with 0.025M  RbCl solution 
and 0.025 M CH3COORb solution at 350 and 400 °C, using a mixture of toluene: methanol 
(1:1).  
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Figure (54b) Comparison between NaY zeolite ion exchanged with 0.025 M RbCl solution 
and 0.025 M CH3COORb solution at 450 and 500 °C, using a mixture of toluene: methanol 
(1:1). 
 
       Concerning toluene conversion, ethyl benzene selectivity and styrene selectivity, Figures 
54a and 54b shows that rubidium chloride used for the ion exchange gives better results than 
in the case of rubidium acetate (CH3COORb). In contrast for methanol conversion the 
opposite behavior was found. In case RbCl at 450 °C the conversions of toluene and methanol 
reached 19.5 and 93 mol.%, but about of 15 and 100 mol.% for rubidium acetate. The 
selectivities for styrene and ethyl benzene by using RbCl are 13.5 and 24.4 mol.%, but in case 
of rubidium acetate about 11.1 and 21 mol.%. At all reaction temperatures the selectivities of 
xylenes and other products by using RbCl are a bit lower. Therefore, the efficient sequence 
can be stated again:   
                       Rb+ (Cl-)   > Rb+ (CH3COO-)  / Y zeolite 
 
3.6.2.4 Cs+  ion exchanged NaY zeolite  
 
         (5.3 wt.% Na/ 1 wt.% Cs) Y-zeolite was prepared by treatment of NaY with 0.025 M 
CsCl solution or (5.3 wt.% Na/ 0.92 wt.% Cs) with 0.025 M CH3COOCs solution. 
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Figures (55a and 55b) illustrate, the comparison of these two cesium doped NaY zeolite at 
different reaction temperatures.  
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Figure (55a) Comparison between NaY zeolite ion exchanged with 0.025 M CsCl solution and 
0.025 M CH3COOCs solution at 350 and 400 °C, using a mixture of toluene: methanol (1:1). 
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Figure (55b) Comparison between NaY zeolite ion exchanged with 0.025 CsCl solution and 
0.025 M CH3COOCs solution at 400 and 500 °C, using a mixture of toluene: methanol (1:1). 
 
       Concerning the toluene conversion, selectivities of ethyl benzene and styrene, (55a and 
55b) cesium chloride used for the ion exchange gives better results than cesium acetate 
(CH3COOCs). Concerning methanol conversion, formation of xylenes and other products the 
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opposite performance was found. At 450 °C the conversion of toluene and selectivities of 
styrene and ethyl benzene reach to 23, 15 and 27 mol.%, respectively, in case CsCl, but for 
cesium acetate less with 17, 11 and 23 mol.%, respectively. Maximum selectivity of benzene 
is less than 3 mol.% at 450 °C. Therefore it can be stated again:   
                       Cs+ (Cl-)   > Cs + (CH3COO-) / Y zeolite 
It is clearly demonstrated that the results of ion exchanged NaY using chlorides are better 
than in case of using the acetates.  
  
   3.7 Effect of different metal ions exchanged NaY zeolite 
      
        Since addition of other alkaline metals via ion exchange led to an increase in activity and 
selectivity for side chain alkylation reactions, over Y zeolite a comparison between these 
different alkali metals should be carried out. 
0.025 M solutions of different alkali metal were used for the ion exchange of NaY. 
 K+ from potassium chloride KCl, resulting in 5.1 wt.% Na/ 2.4 wt.% K Y zeolite 
 Rb+ from rubidium chloride RbCl, resulting in 5.2 wt.% Na/ 1.2 wt.% Rb Y zeolite  
Cs+ from cesium chloride CsCl resulting in 5.3 wt.% Na/ 1 wt.%  Cs Y zeolite 
In each preparation the NaY was stirred in the alkali solution at 100 oC over night then dried 
at 110 °C and afterwards calcined at 550 °C 2 hours before reaction. 
      Figures (56-58) represent toluene conversion, selectivities of styrene, ethyl benzene, 
xylenes, other products and benzene at 350, 400 and 450 °C, respectively. 
The alkylation reaction presented in Figure 56 was carried out at using 1:1 molar ratio of 
toluene: methanol. Prior to the reaction test, the catalysts were pretreated under purified 
flowing nitrogen (3 L/hour) at 500 °C. 
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Figure (56) Effect of different alkali metal ion exchanged NaY- zeolite at 350 °C. 
 
        The conversions of methanol and toluene increase according to the increase of the 
atomic size of alkali metal achieving about 88 and 15 mol.%, respectively, for CsY zeolite. 
The difference in the conversion of methanol to the conversion of toluene due to the 
formation of gases like CO, CO2, H2. The selectivities of styrene and ethyl benzene were 
increased in the same manner to about 12 and 24 mol.%, respectively. In contrast the 
selectivities of xylenes and other products (for example penta methyl benzene, hexa methyl 
benzene terta methyl benzene etc.) were decreased. Maximum selectivity for benzene detected 
is 2.3 mol.%.   
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Figure (57) Effect of different alkali metal ion exchanged NaY-zeolite at 400 °C.  
       
        At 400 °C Figure 57, the same behavior as at 350 °C was observed. That means the 
addition of Cs+ led to an increase of somewhat stronger basic sites on the NaY-zeolite catalyst 
compared with the other alkali metals. The alkylation products, which were formed on the 
acidic sites like xylenes and the other products decrease with the increase of the atomic size of 
alkali metal used for the ion exchange of Na/Y-zeolite. Therefore NaY-zeolite has highest 
selectivities to xylenes and other products, but CsY-zeolite to styrene and ethyl benzene.  
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Figure (58) Effect of different alkali metal ion exchanged Y-zeolite at 450 °C. 
 
       At higher reaction temperature such as 450 °C (Figure 58), Cs/Y-zeolite has highest 
conversion of toluene and methanol about 21.9 and 93.5 mol.%, respectively, as well as 
highest selectivities for styrene and ethyl benzene of about 15.8 and 27 mol.%, respectively. 
Also under this condition similar performance was found compared with the reaction at 350 
°C and 400 °C.  
       In general, at all reaction temperatures CsY-zeolite performed the highest selectivities to 
styrene and ethyl benzene. That means the selectivity to side chain alkylation increases with 
the increase of the cation size. These results are in agreement with the CO2-TPD analyses (see 
Figure 44), since NaY zeolite ion exchanged with 0.025 M CsCl solution has higher CO2 
desorption peak than the other zeolite catalysts.  
         According to the catalytic performance and NH3- and CO2-TPD, all catalysts have acid 
and basic sites; therefore we obtained alkylation at the aromatic ring to form xylenes as well 
as side chain alkylation to form styrene and ethyl benzene [80].  
 
                3. Alkylation of toluene with methanol over X- and Y-zeolite catalysts                                             82
The chemical states of the alkali metal and/or alkali oxide clusters under reaction conditions 
are unknown at this time. Wieland et al. and Kim et al. presented evidence that, at 
temperatures near those used for toluene alkylation, alkali metal vapors, metal oxides, 
suboxides, and carbonates are present in the reactor [64, 80]. They suggested that these 
species generate in situ basic sites which are necessary for side chain alkylation of toluene 
with methanol. However, subsequent studies with cesium oxides occluded in Y zeolite 
indicate that Cs2O remains intact even after treatment at temperatures high enough to 
decompose bulk Cs2O [68]. 
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4. Alkylation of toluene with methanol over BEA zeolite catalysts 
 
4.1 Acidity and Basicity  
4.1.1 NH3-TPD analyses 
Figure (59) illustrates the NH3-TPD curves of the different metal ions exchanged NaBEA 
zeolites. 
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Figure (59) NH3-TPD curves of BEA zeolite treated with 0.025 M NaCl, KCl, RbCl and CsCl 
solutions. 
 
       All curves have two desorption peaks starting at about 250 and 500 °C, corresponding to 
weak and strong acid sites, respectively. 
 This indicates that the acidic properties of different metal ion exchanged on BEA-zeolite are 
still present and roughly the same. But it is observed that the desorbed amount of NH3 
somewhat increases by decreasing atomic size of alkali metal ion exchange. The NaBEA 
zeolite has higher desorption of NH3. That means it has more acidic sites than the others alkali 
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metal ion exchanged catalysts. NH3-TPD analyses of different alkali metals on NaBEA 
zeolite should be in agreement with alkylation results on the aromatic ring. Therefore, 
NaBEA zeolite should result in higher selectivities for xylenes than in the case of the other 
alkali metal ion exchanged materials. The sequences of the alkali cations according to 
selectivity of xylene should be 
                        Na+ > K+ >   Rb+ > Cs+  / BEA zeolite 
 
4.1.2 CO2-TPD analyses 
In the CO2-TPD NaBEA zeolite gives only a little desorption of CO2 in contrast to the Rb and 
Cs BEA zeolites (see Figure 60).    
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Figure (60) CO2-TPD adsorption curves of Rb and Cs / BEA zeolite.  
 
         Three adsorption peaks at 150, 300 and 530 °C for RbBEA zeolite, and at 150, 300 and 
590 °C for CsBEA corresponding to weak, medium and strong basic sites, respectively, were 
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indicated. The basic property of Cs exchanged BEA-zeolite is somewhat stronger than the 
RbBEA zeolite.  
4.2 ICP AES analyses 
Different concentrations of alkali metals on BEA zeolite as provided from Chemie Uetikon 
AG (ZEOCAT® PB) are presented in Table (11). 
Table 11: Summary of ICP AES analyses ion exchanged of BEA zeolit with different   
                 Metals. 
Sample Aluminum 
(mg/g) 
Silicon 
(mg/g) 
Si/Al 
(weight/weight) 
Alkali metal 
(mg/g) 
pure NaBEA 39.3 388 9.87 2.5 
0.025 M KCl/ BEA 38.5 390.7 10.10 9.2 
0.025 M RbCl/ BEA 38.8 393.6 10.14 7 
0.025 M CsCl/ BEA 37.9 389.3 10.27 3 
 
Si/Al ratios of alkali BEA were increased with increasing size of the alkali metal used for the 
exchange. This results in an increase of the number of basic sites on ZSM-5 [69].  The 0.25 
wt.% NaBEA has lower weight of Si and higher weight of Al than the other ion exchanged 
materials; as a result that pure BEA zeolit catalyst has a higher share of acidity than the other 
alkali exchanged catalysts [70]. 
4.3 XRD analyses 
       The XRD spectra of the uncalcined NaBEA zeolites and the differently calcinated 
NaBEA zeolites are investigated. It was found that at 600 °C the crystallinity starts to 
decrease. Calcination temperature more than 600 °C led to some decrease of crystallinity.   
 
4.4 Alkylation of toluene over calcined and uncalcined NaBEA  
       The alkylation of toluene was studied over uncalcined and differently calcined (at 550, 
600 and 650 °C) NaBEA zeolites (Chemie Uetikon AG ZEOCAT® PB) (see Figures 61-64). 
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A methanol: toluene mixture 1: 1 mole was vaporized and passed over the catalysts at various 
temperatures. 
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Figure (61) Alkylation of toluene with methanol over uncalcined NaBEA zeolite at different 
reaction temperatures. 
 
       In Figure (61) it is observed that the conversion of toluene increases up to 62 mol.% with 
increasing temperatures reaching a maximum at 500 °C. The conversion of methanol is 
always 100 mol.% at all reaction temperatures. Enhanced reaction temperature led to a sharp 
increase in benzene selectivity caused by cracking of toluene. In contrast, thereby, the 
selectivities of styrene and ethyl benzene decrease. Also the selectivity of xylenes was slightly 
decreased at low but sharply at high reaction temperature.  
The alkylation results over NaBEA zeolite calcined at 550 °C are depicted in Figure (62) at 
different reaction temperatures. 
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Figure (62) Alkylation of toluene over NaBEA zeolite calcined at 550 °C using a mixture of 
toluene: methanol 1:1 at different reaction temperatures.  
 
       The conversion of toluene is almost constant at around 60 mol.% for all temperatures. 
The methanol conversion is always 100 mol.%. Increasing the reaction temperatures led to 
sharp increase in benzene selectivity up to 70 mol.%. In contrast the selectivities of styrene, 
ethyl benzene as well as xylenes are decreased. 
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Figure (63) Alkylation of toluene over NaBEA zeolite calcined at 600 °C using a mixture of 
toluene: methanol (1:1) at different reaction temperatures.  
 
        The alkylation of toluene with methanol over NaBEA zeolite (Figure 63) shows that the 
conversion of toluene increases to a maximum of about 58 mol.% at 450 °C. Conversion of 
methanol is always 100 mol.% at all reaction temperature.  
Selectivity of benzene increase sharply up to 500 °C, due to the decomposition of toluene. 
Selectivities of styrene and ethyl benzene as well as xylene were decreased with reaction 
temperatures. A similar behavior of the material calcined at 600 °C was found in comparison 
with the 550 °C calcined material. But the benzene formation was less with about 55 mol.%.  
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Figure (64) Alkylation of toluene over NaBEA zeolite calcined at 650 °C using a mixture of 
toluene: methanol 1:1 at different reaction temperatures. 
 
The results for NaBEA zeolite calcined at 650 °C are represented in Figure (64). As previous 
findings, the selectivities of styrene and ethyl benzene decrease with reaction temperatures. In 
contrast the selectivity of benzene increases. The conversion of methanol is always 100 
mol.% at all reaction temperatures, and the toluene conversion is increased by temperature.  
 
     4.5 Comparisons between different calcined and uncalcined NaBEA zeolite   
               
In the next tables there are the comparisons between the uncalcined and calcined NaBEA 
catalysts at different reaction temperatures.   
Table (12) represents the results at 250 °C. It can be seen that the conversion of toluene 
increases up to 48.3 mol.% by increasing calcinations temperature reaching a maximum at 
600 °C. Also the selectivities of ethyl benzene and styrene are highest for NaBEA zeolite 
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calcined at 600 °C with about 21.3 and 23.3 mol.%, respectively. On the other hand the 
calcinations of NaBEA zeolite led to sharp decrease in benzene selectivity caused by cracking 
of toluene.  
 
 Table (12) Alkylation of toluene over uncalcined and differently calcined NaBEA zeolite at 
250 °C. 
 
Sample 
Toluene 
Conversion 
(mol. %) 
 
Methanol 
Conversion 
(mol. %) 
 
Et-
Benzene 
Selectivity 
(mol. %) 
Styrene 
Selectivity 
(mol. %) 
Xylene 
Selectivity 
(mol. %) 
Benzene 
Selectivity 
(mol. %) 
NaBEAzeolite 
uncalcined 
16.5 99.8 21.4 11.4 43.5 16.2 
NaBEAzeolite 
calcined at 550 °C 
22.7 99.9 18.5 12.3 54.0 1.6 
NaBEAzeolite 
calcined at 600 °C 
48.3 99.9 21.3 23.2 46.8 2.5 
NaBEAzeolite 
calcined at 650 °C 
31.5 99.9 19.5 18.6 44.6 3.6 
 
At 300 °C (Table 13) the NaBEA zeolite is calcined at 550 °C and has maximum toluene 
conversion of about 55 mol.%. It has maximum selectivity for styrene with 22 mol.% as well 
as lowest selectivily for benzene. On the other hand the NaBEA zeolite calcined at 600 °C has 
highest selectivity for ethyl benzene with about 23.2 mol.%.  
Table (13) Alkylation of toluene over uncalcined and differently calcined NaBEA zeolite at 
300 °C. 
 
Sample 
Toluene 
Conversion 
(mol. %) 
 
Methanol 
Conversion 
(mol. %) 
 
Et-Benzene 
Selectivity 
(mol. %) 
Styrene 
Selectivity 
(mol. %) 
Xylene 
Selectivity 
(mol. %) 
Benzene 
Selectivity 
(mol. %) 
NaBEAzeolite 
uncalcined 
21.3 99.9 18.7 10.0 52.5 14.6 
NaBEAzeolite 
calcined at 550 °C 
55.4 99.9 20.2 22.0 46.2 3.5 
NaBEAzeolite 
calcined at 600 °C 
45.5 100 23.2 20.0 50.0 4.7 
NaBEAzeolite 
calcined at 650 °C 
38.6 100 19.2 19.3 47.2 5.6 
 
Table (14) represents the results at 350 °C. At this reaction temperature NaBEA zeolites 
calcined at 550 and 600 °C have the same selectivities of ethyl benzene and styrene. But BEA 
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zeolite calcined at 550 °C has highest toluene conversion with around 62.5 mol.%. The 
NaBEA zeolite calcined at 600 °C has lowest selectivity for benzene with about 6 mol.%. 
Table (14) Alkylation of toluene over uncalcined and differently calcined NaBEA zeolite at 
350 °C. 
 
Sample 
Toluene 
Conversion 
(mol. %) 
 
Methanol 
Conversion 
(mol. %) 
 
Et-Benzene 
Selectivity 
(mol. %) 
Styrene 
Selectivity 
(mol. %) 
Xylene 
Selectivity 
(mol. %) 
Benzene 
Selectivity 
(mol. %) 
NaBEAzeolite 
uncalcined 
28.0 99.9 17.6 8.8 52.5 18.0 
NaBEAzeolite 
calcined at 550 °C 
62.5 100 20 18.8 48.3 8.7 
NaBEAzeolite 
calcined at 600 °C 
50.0 100 19.5 18.5 50.6 6.0 
NaBEAzeolite 
calcined at 650 °C 
48.8 100 19.1 16.8 51.3 8.8 
 
The alkylation results at 400 °C (Table 15) demonstrated that the NaBEA zeolites calcined at 
550 °C are most active catalysts at this reaction temperature, because it has highest 
conversion of toluene with 58.6 mol.%, and selectivities for styrene and ethyl benzene are 
14.2 and 20.4 mol.%, respectively. Conversion of methanol is always 100 mol.% for all 
sample catalysts.   
Table (15) Alkylation of toluene over uncalcined and differently calcined NaBEA zeolite at 
400 °C. 
 
Sample 
Toluene 
Conversion 
(mol. %) 
 
Methanol 
Conversion 
(mol. %) 
 
Et-Benzene 
Selectivity 
(mol. %) 
Styrene 
Selectivity 
(mol. %) 
Xylene 
Selectivity 
(mol. %) 
Benzene 
Selectivity 
(mol. %) 
NaBEAzeolite 
uncalcined 
35.7 100 16 7.3 46.6 27.7 
NaBEAzeolite 
calcined at 550 °C 
58.6 100 20.4 14.2 42.3 21.1 
NaBEAzeolite 
calcined at 600 °C 
52.7 100 18.1 11.8 48.7 19 
NaBEAzeolite 
calcined at 650 °C 
54.8 100 18.0 12.0 48.0 19.9 
 
        Table (16) represents results concerning toluene alkylation over uncalcined and 
differently calcined NaBEA zeolites at 450 °C reaction temperature. The conversion of 
toluene is enhanced with increased calcinations temperature of NaBEA zeolite reaches to 59 
mol.% at 650 °C, as well as the selectivity for benzene is lowest with about 29.2 mol.%.   
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Table (16) Alkylation of toluene over uncalcined and differently calcined NaBEA zeolite at 
450 °C. 
 
Sample 
Toluene 
Conversion 
(mol. %) 
 
Methanol 
Conversion 
(mol. %) 
 
Et-Benzene 
Selectivity 
(mol. %) 
Styrene 
Selectivity 
(mol. %) 
Xylene 
Selectivity 
(mol. %) 
Benzene 
Selectivity 
(mol. %) 
NaBEAzeolite 
uncalcined 
44.6 100 12.9 5.2 37.4 27.7 
NaBEAzeolite 
calcined at 550 °C 
55.1 100 13.4 7.0 37.7 39.5 
NaBEAzeolite 
calcined at 600 °C 
58.0 100 14.5 8.7 40.3 33.1 
NaBEAzeolite 
calcined at 650 °C 
58.9 100 15.7 10.4 42.1 29.2 
 
          As can be seen the selectivities of ethyl benzene, styrene and xylenes increase by 
increasing calcinations temperature of NaBEA zeolites catalyst. On the other hand selectivity 
of benzene decreases by increasing calcination temperature of NaBEA. Therefore NaBEA 
zeolite calcined at 650 °C is most active catalyst at this reaction temperature, because highest 
selectivities for styrene and ethyl benzene were observed.  
 
At 500 °C, toluene decomposes to benzene and some gases like hydrogen, carbon monoxide 
and carbon dioxide as shown in Table (17). Also, increasing calcination temperature of 
NaBEA zeolites enhances the selectivities of styrene, ethyl benzene and xylenes. The 
selectivity of benzene decreases by increasing calcinations temperature of NaBEA zeolites. In 
contrast the conversion of toluene declines by increasing calcinations temperature of NaBEA 
zeolites.  
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Table (17) Alkylation of toluene over uncalcined and differently calcined NaBEA zeolite at 
500 °C. 
 
Sample 
Toluene 
Conversion 
(mol. %) 
 
Methanol 
Conversion 
(mol. %) 
 
Et-Benzene 
Selectivity 
(mol. %) 
Styrene 
Selectivity 
(mol. %) 
Xylene 
Selectivity 
(mol. %) 
Benzene 
Selectivity 
(mol. %) 
NaBEAzeolite 
uncalcined 
62.0 100 5.5 1.7 17.3 74.6 
NaBEAzeolite 
calcined at 550 °C 
60.0 100 6.8 2.1 20.8 69.5 
NaBEAzeolite 
calcined at 600 °C 
57.0 100 9.6 4.0 29.6 55.5 
NaBEAzeolite 
calcined at 650 °C 
57.0 100 10.3 4.4 29.7 54.2 
 
It is not advisable to run the reaction at 500 because of decomposition of toluene to benzene 
become dominant.   
The analytical results provide strong evidence that the calcinations led to enhancement the 
activity NaBEA zeolite catalyst. In addition, under such conditions high selectivities to 
styrene and ethyl benzene were found at 600 °C. In contrast lower selectivities to benzene and 
xylenes were observed thereby.   
 
4.6 Effect of different reaction temperatures on alkali metal ion exchanged  
       NaBEA zeolite 
 
        The effect of different metal ion exchanged NaBEA zeolites was studied in order to 
increase the basicity of the catalyst. 
0.025 M solutions of different alkali metal ions are used for the exchange    
K+ from potassium chloride KCl, resulting in 0.1 wt.% Na, 0.92 wt.% K BEA zeolite. 
Rb+ from rubidium chloride RbCl, resulting in 0.13 wt.% Na, 0.7  wt.%  Rb BEA zeolite.  
Cs+ from cesium chloride CsCl resulting in 0.15 wt.% Na,  0.3 wt.%  Cs BEA zeolite.  
All samples were stirred at 100 oC over night then dried at 110 °C and afterwards calcined at 
600 °C 2 hours before reaction. 
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Figures (58-60) represent toluene conversion and methanol conversion, selectivities of 
styrene, ethyl benzene, xylenes and benzene at 250, 300, 350, 400, 450 and 500 °C, 
respectively. 
 The alkylation reaction was carried under the same reaction conditions by using (1:1) molar 
ratio of toluene: methanol. 
 
 4.6.1 NaBEA zeolite treated with 0.025 M KCl solution 
 
   The alkylation of toluene with methanol at different reaction temperatures over BEA 
zeolites treated with 0.025 M KCl (0.1 wt.% Na, 0.92 wt.% K) is depicted in Figure 65. 
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Figure (65) Alkylation of toluene at different reaction temperatures over BEA zeolite treated 
with 0.025 M KCl solution.  
 
In Figure 65 the maximum conversion of toluene is obtained at 450 °C with about 55 mol.%. 
The selectivity of benzene raises between 450 and 500 °C. Thereby the selectivities for 
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styrene and xylenes are decreased. The selectivity for ethyl benzene is somewhat stable for 
the complete temperature range and for styrene selectivity there is a small increase. 
 
       4.6.2 NaBEA zeolite treated with 0.025 M RbCl solution 
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Figure (66) Alkylation of toluene at different reaction temperatures over BEA zeolite treated 
with 0.025 M RbCl solution. 
 
Figure (66) represents the results of alkylation of toluene with methanol applying BEA zeolite 
treated with 0.025 M RbCl solution (0.13 wt.% Na, 0.7 wt.% RbBEA). At 350 °C reaction 
temperature, conversion of toluene and selectivities of styrene and ethyl benzene reache 
maxima of about 61, 32 and 22 mol.%, respectively. On the other hand, the selectivities for 
xylenes raised up to 50.9 mol.% at 400 °C. The selectivity of benzene increases strongly after 
400 °C up to 31.1 mol.% at 500 °C. That means at higher reaction temperatures most of 
toluene decomposes to benzene. 
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               4.6.3. NaBEA zeolite treated with 0.025 M CsCl solution 
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Figure (67) Alkylation of toluene at different reaction temperatures over BEA zeolite treated 
with 0.025 M CsCl solution. 
 
Figure (67) represents the results of alkylation of toluene on BEA zeolite treated with 0.025 
M CsCl solution (0.15 wt.% Na, 0.3 wt.% Cs) BEA. Conversion of toluene increases up to 63 
mol.% by increasing the temperature to 500 °C. On the other hand, the selectivities of xylenes 
slightly decline by increasing temperatures. In contrast the selectivity of benzene sharply 
raised by temperature reaching a maximum of 50 mol.% at 500 °C. That might be caused due 
to the decomposition of toluene to benzene. The behavior found here is similar to the results 
obtained before. 
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4.7 Comparison between different alkali metal ion exchange over NaBEA zeolite 
 
       The comparison between different alkali metal ions exchanged NaBEA zeolite should be 
studied at 350 and 450 °C as most suitable reaction temperatures.  
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  Figure (68) Comparison between different alkali metal ions exchanged on NaBEA zeolite at 
350 °C reaction temperature. 
 
        Figure (68) represents alkylation of toluene with methanol over different alkali metal ion 
exchanged NaBEA zeolite at 350 °C. As found before the alkali metal exchange plays a role 
in the conversion of toluene and selectivities of styrene and ethyl benzene, therefore CsBEA 
zeolite results in highest conversion of toluene with about 56 mol.% and selectivities to 
styrene reache 26 mol.%. That is more than in the case of the other catalysts. The CsBEA 
zeolite also performs the lowest selectivies for benzene and for xylenes. The selectivity for 
ethyl benzene is almost constant at around 18 mol.%  
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Figure (69) Comparison between different alkali metal ions exchanged on NaBEA zeolite at 
450 °C reaction temperature. 
 
         Alkylation of toluene with methanol over different alkali metal ion exchanged NaBEA 
zeolite at 450 °C (Figure 69) demonstrates that the conversion of toluene achieves a 
maximum amount with about 65 mol.% over the Cs containing BEA zeolite. Also higher 
selectivities to styrene and ethyl benzene are formed in the presence of Cs BEA zeolite. In 
contrast, xylene and benzene selectivities are lowest. 
The presence of styrene and ethyl benzene, as well as xylenes, in the product stream from 
differently exchanged NaBEA catalysts indicates that both side-chain and aromatic ring 
alkylation can occur concurrently, that is in agreement with the acidity and basicity TPD-
measurements. 
In the comparison of 350 °C with 450 °C for alkylation reaction, it is realized that side chain 
alkylation was more selective at 450 °C than 350 °C. The selectivities to side chain alkylation 
increase with increasing cation size [68, 69] as it was already observed before.  
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         According to the catalytic performance and NH3 and CO2-TPD (Figures 59 and 60), all 
catalysts have acid and basic sites, therefore we obtained alkylation at the aromatic ring to 
form xylenes as well as side chain alkylation to form styrene and ethyl benzene. But it can be 
observed, the amount of CO2 on Cs/ BEA zeolite is highest, that means the addition of Cs+ to 
BEA zeolite led to more basic sites than Rb+. Therefore the Cs BEA zeolite is more selective 
for styrene and ethyl benzene. CO2-TPD analyses are consistent with the side chain alkylation 
results (see Figure 59 and 60).  
  
Thereby the sequence of the alkali cations according to conversion of toluene and selectivities 
of ethyl benzene and styrene are 
                   Cs+ >   Rb+ > K+ > Na / BEA zeolite 
According to this sequence, the addition of Cs+ on BEA zeolite led to more basic sites on 
NaBEA zeolite than Rb+ and K+ as well as Na. The CO2- and NH3-TPD analysis confirms 
these results as demonstrated before in Figure 59 and 60.   
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                              5. Conclusions and outlook 
        The principle aim of this work was to obtain good selectivities of styrene and ethyl 
benzene by alkylation of toluene with methanol in a single step. In order to achieve this side 
chain alkylation different alkali metal on HZSM-5, Y and BEA zeolites catalyst were 
prepared. Different molar ratio of toluene: methanol (5:1), (3:1), (1:1), (1:3) and (1:5) molar 
ratios have been applied. It found that 1:1 most suitable molar ratio for side chain alkylation 
of toluene. The mixture was pumped into the reactor system at a rate of 4 cm3 per hour 
(liquid) in nitrogen carrier gas = 3 L / hour. 
 
 It is concluded:  
1) Ion exchange of the alkali metals is the better method compared with the other 
modification methods to increase the efficiency of HZSM-5.  
2) Alkali metal ion ZSM-5 inhibits the decomposition of toluene to benzene and decreases the 
selectivities of xylenes. 
3) The sequence of the alkali cation in the ZSM-5 zeolite concerning conversion of toluene 
and selectivities of ethyl benzene and styrene are:  
                                 Cs  > Rb   > K > Na/ ZSM-5  
4) When HZSM-5 catalyst treated with different concentrations of NaOH, selectivities of 
styrene and ethyl benzene are increased. On the other hand the selectivities to xylenes and 
benzene were decreased.  
5) With respected to conversion of toluene HZSM-5 catalyst treated with 0.01 M NaOH (0.22 
wt.% Na) is the most efficient sample for side chain alkylation of toluene. But with respected 
to the selectivities of styrene and ethyl benzene the 1.42 wt.% Na/ ZSM-5 is more promising.   
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 Furthermore it is concluded: 
1) Among NaX and NaY zeolites, the NaY zeolites are more active and selective with respect 
to toluene conversion as well as styrene and ethyl benzene formation. 
2) Chloride as ionic radical is the better salt for the ion exchange of NaY zeolite than acetate 
and nitrate.  
3) Cs metal exchanged NaY zeolite was the most efficient catalyst for styrene and ethyl 
benzene formation.  
4) The sequence with respected to activity / conversion and selectivities for ethyl benzene and 
styrene is 
                                          Cs   > Rb   > K > NaY zeolite 
  
In the case of BEA catalyst it is concluded:   
1- Calcinations temperature increases the activity of Na BEA zeolites than uncalcined 
one. The suitable calcination temperature is ≥ 600 oC.  
2- The addition of alkali metal ion via ion exchange led to an increased basicity of BEA 
zeolite. Thus, the activity and selectivity to styrene and ethyl benzene increased 
compared with the NaBEA zeolites as provided by the company.  
3- The sequence of the alkali metal ions exchanged BEA zeolite with respect to activity 
and selectivity to ethyl benzene and styrene is 
                                          Cs > Rb   > K > Na/BEA zeolite  
4- The electronegativity of the metal cations controls the preference of sorbing toluene; 
i.e., the larger the metal cation, the higher the preference for toluene alkylation. 
 
The analytical results provide strong evidence that, using HZSM-5, Y and BEA zeolites with 
alkali metal addition by ion exchange or impregnation methods with Cs led to highest 
selectivities for side chain products (styrene and ethyl benzene). On the other hand 
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comparison between the most active samples for HZSM-5, Y and BEA zeolites, it can be 
found that Cs/ Y is most efficient sample for the side chain alkylation of toluene it is because 
the conversion of toluene increased about four times of 0.025 M Cs/ Y zeolite than the 
original Y zeolite, as well as the selectivity to styrene and ethyl benzene increase more than 
thee times when using 0.025 M Cs/ Y compared with the original Y zeolite. 
 
The original of BEA zeolite is more active for the side chain alkylation than the other zeolites. 
However, the ion exchange of alkali metal does not show a high effect compared with the 
original BEA zeolite. Therefore the conversion of toluene increased to about 20 % compared 
with the original BEA. But the selectivity to styrene is about two times higher using 0.025 M 
Cs/ BEA than the pure BEA. But the selectivity ethyl benzene appears to have the same value.  
According to the most active catalyst for each previous zeolite, the sequence of these catalysts 
for the side chain of toluene to produce styrene and ethyl benzene is: 
                       Cs/Y > Cs /ZSM-5 > Cs/ BEA zeolites 
Finally the synopsis of the current work would be the conversion of toluene by side chain 
alkylation into styrene as well as ethyl benzene.   
The outlook of the work the most active catalysts should be used for the alkylation of cumene 
with ethylene to produce amyl benzene.   
An optimization study with fine adjustments including the parameters, as reaction 
temperature, doped of alkali metal and pore size as well as surface area can be considered as a 
wide field study. The pore size and surface area could be adjusted using calcinations process 
parameters as a technique. 
The discovery regarding the production of amyl benzene from cumene has the potential to be 
an interesting reaction from an industrial point of view to produce H2O2. Future work should 
probably focus on catalyst composition and development as well as the role of various process 
parameters, reactor and process design. 
 
                                            6.  Material Apparatus and Experimental                             103
                   6. Materials Apparatus and Experimental 
 
 6.1 Materials:  
Catalysts used are: HZSM-5 (Modul SiO2 ⁄Al2O3 = 25,5) kindly provided by PQ Zeolites 
(CBV 2050E).   
X and Y zeolites in the sodium form were also kindly provided by Zeolyst International 
Company (CBV100). 
BEA zeolite in the sodium form was kindly obtained from Chemie Uetikon AG (ZEOCAT® 
PB). 
Cs, Rb, K, and Na alkali cations exchanged HZSM-5, NaY and BEA zeolites were prepared 
using cesium chloride (99.9%), potassium chloride, (99.9%) and rubidium chloride (99.9%) 
purchased from Sigma, as well as cesium acetate, potassium nitrate and potassium acetate 
99.9% from Merck, but the rubidium acetate from Sigma. 
 
6.2 Preparation of various alkali containing catalysts  
 
Cs, Rb and K alkali cations exchanged HZSM-5, NaY and NaBEA zeolites were obtained by 
treatment of the parent zeolites at 373 K, during 22 hours with various concentrations of alkali 
solutions. 
K+ exchanged zeolites are prepared by treatment with CH3COOK or KNO3 or KCl. 
 For the Rb+ exchanged zeolites RbCl or CH3COORb are used.  
For the Cs+ exchanged zeolites the exchange occurs with CH3COOCs or CsCl. 
The concentrations of the alkali salts solution vary between 0.01 molar, 0.025 molar, 0.05 
molar and 0.1 molar.  
All catalyst samples were calcined in a muffle furnace in air atmosphere at 550 °C for 2 
hours. 
Different methods of loading the alkali cations have been applied: 
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a) impregnation method for HZSM-5   
b)  ion exchange method for all zeolites by using aqueous solutions of the corresponding 
alkali salts. 
c)  treatment with alkaline NaOH solution for HZSM-5 
 
   6.3 Catalytic reactions  
The catalytic alkylation of toluene with methanol was studied at different temperatures 
starting from 250 to 500 oC under atmospheric pressure. Prior to the reaction test, the catalyst 
were pretreated at 500 °C using 3 L / hour nitrogen as carrier gas. 
Catalyst powders were pressed at 10 tons to tablets, which were crushed and sieved (0.63- 
1mm). The catalyst grains are loaded into the single pass stainless steel fixed bed reactor. All 
the experiments were carried out over 3.5 grams catalyst. 
Various liquid mixtures of toluene and methanol in a molar ratio of (1: 5), (1: 3), (1: 1), (3: 1) 
and (5: 1) were pumped into the reactor at a rate of 4 ml liquid per hour in 3 L / hour nitrogen 
carrier gas.  
The results are presented as methanol and toluene conversion as well as selectivites for ethyl 
benzene, styrene, o-, p-, and m-xylenes, pentamethyl benzene, hexamethyl benzene, trimethyl 
benzene (mesitylene) and tetramethyl benzene like 1,2,4,5-tetramethyl benzene (durene) and 
1,2,3,5-tetramethyl benzene.  
The products were analyzed by GC using FID detector every two hours of time of stream for 
the liquid phase. The gas phase like H2, CO, CO2, were analyzed by GC using TCD detector. 
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6.4 Fixed bed reactor  
       Reactor was a single pass stainless steel fixed bed (inner diameter 6 mm and length 80 
cm). The fixed bed reactor flow sheet and the instrumentation diagram are illustrated in 
Figure (70). The required gas flow was controlled by a rotameter. The liquid educts was 
pumped by Latek micro pump (LATEK P402). The temperature of the oven was controlled 
by an Eurotherm 91e thermostat. A rotating fan at the bottom of the oven provided smooth 
heat distribution.  
After the reaction the products were cooled down and collected in cooling trap at dry ice 
temperature (-78 °C).   
 
 
Figure (70) Diagram of fixed bed reactor for alkylation of toluene with methanol 
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Figure (71): Fixed-bed reactor set up for alkylation reaction 
 
 
The following procedure describes one cycle of the experiment: 
• Catalyst heated to 500 °C under nitrogen 
• System maintained under nitrogen flow at 500 °C for 60 minutes 
• System was brought to the required temperature under nitrogen flow 
• The pump was switched on to add the toluene/methanol mixtures to the reactor under 
the needed nitrogen flow. The start of the time of stream is defined by the beginning 
of the educt addition  
• Samples were taken after defined times on stream.  
• The pump was switched off and the system was cooled down. 
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 6.5 Calculations:  
The conversions of toluene and methanol are defined as follows:  
100*
  tolueneunreacted  products aromatic all of moles
   tolueneof moles1 %) (mol. conversion Toluene +−=  
100*
 methanol unreacted  products  all of moles
  methanol of moles1 %) (mol. conversion Methanol +−=  
Weights of compound (gram) of reactant or product calculate according to the flowing 
equation: 
 
stander of areapeak 
factor) correction * compound areapeak  * standerd of(weight  (gram) compound ofWeight =  
0.1 gram octane used as an external standard. 
Weights of compound (mole) reactant or product calculate according to the flowing equation: 
massmolecular 
(gram) compound ofweight  (mol.) Compound =  
Afterwards the selectivity of each product (mol.%) calculate according to the flowing general 
equation 
100*
 products all of moles
product    thisof moles %) (mol.y selectivitproduct  =  
By using the following table: 
Compound  Correction factor Molecular mass (g/mol) 
Methanol  3.23 23.04 
Toluene 0.76 92.14 
Benzene 0.87 78.11 
o-Xylene 0.94 106.1 
m-Xylene 0.91 106.1 
p-Xylene 0.97 106.1 
Ethyl benzene 0.99 106.17 
Styrene 0.99 104.15 
1,2,3 Tri-methyl benzene 1.08 120.2 
1,3,5 Tri-methyl benzene 1.05 120.2 
1,2,3,5 Tetra-methyl benzene 1 134.22 
1,2,3,4 Tetra-methyl benzene 1 134.22 
Penta-methyl benzene 1.08 148.0 
Hexa-methyl benzene 1.08 162.0 
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6.6 Product analysis 
6.6.1 Gas chromatography  
 
The liquid reaction products were cooled and collected in a cooling trap at -78 °C. n-Octane 
was used as an external standard.  Products were analyzed on a 50 m FS-CW CS25226-9 
column (50 °C to 240 °C, at 8 °C/min, 10 min isotherm at 280 °C). 
 
 
  6.6.2 GC Mass spectrometry 
Mass spectrometry was used for identification of unknown products. Following apparatuses 
and conditions were used:  
GC Varian 3400CX 
MS Varian Saturn 3 
Data processing Varian Saturn, Vers. 5.2 
Energy 70 eV 
Ionization Electron ionization 
Column 25 m SE 54 
Column temperature ramping  
6 min isotherm 50 °C 
10° C/min, 50 – 270 °C 
Evaporator temperature 250 °C 
Carrier gas He, 1 bar pressure 
     
6.7 Catalyst characterization 
6.7.1 ICP-AES elementary analysis 
         For detection of the metal content on the catalysts a Spektro-Flame D apparatus of and 
Spectro-Ciros version of Spectro Company were used. The samples were dried at 120 °C for 
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24 h. Then they were solved in the mixture of 2 ml 98 % H2SO4, 44 ml distilled water and 4 
ml HF (40 %). In few cases ultrasound bath was used to dissolve samples.  
 
 
   6.7.2 BET analysis  
The Brunauer-Emmett-Teller (BET) method [85] is the most widely used procedure for 
the determination of the specific surface area of solid materials and involves the use of the 
BET equation 1. 
111
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In which V is the volume of gas adsorbed at a relative pressure P/Po and Vm is the volume of 
adsorbate constituting a monolayer of surface coverage. The term C, the BET C constant, is 
related to the energy of adsorption in the first adsorbed layer and consequently its value is an 
indication of the magnitude of the adsorbent /adsorbate interactions. 
 
   The BET equation (1) requires a linear plot of (l/{V [Po/P - l]}) vs P/Po that for most solids, 
using nitrogen as the adsorbate, is restricted to a limited region of the adsorption isotherm, 
usually in the P/Po range of 0.05 to 0.35.  
The surface area, the micropore area and the pore volume of the catalyst were measured 
means of an ASAP 2000 Micromeritics instrument.
      
 
   6.7.3 Powder X-ray diffraction (PXRD) 
       The X-ray powder diffraction patterns were recorded on a Siemens D5000 of 217.5 mm 
goniometer radius. A copper anode with Cu Kα1 (154.0598 pm), Cu Kα2 (154.4426 pm), and 
nickel filter was used as X-ray source.     
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Measurements were done in the 2Ө range 3–60o with 0.02o step width and 1 s data 
acquisition.  
 
    6.7.4 TPD analysis 
       The TPD analysis was conducted on a Carlo Erba TPDRO 1100 Series Thermo Finnigan. 
Samples were degassed at 500 °C in a helium atmosphere. NH3 or CO2 were physisorbed at 
room temperature. Then the samples were heated up to 1100 °C at 1 °/min and the amounts of 
desorbed gas were recorded by the TCD. 
6.7.5 Infrared spectroscopy 
 
       Framework infrared spectroscopy provides additional information about the structural 
details of the molecular sieves. FT-IR spectra of samples was taken in the range of 4000-400 
cm-1 on a (Nicolet Protégé 460), equipped with an evacuable furnace cell with KBr windows, 
containing sample wafer. Initially, catalyst powder was pressed into a 5 mm wafer, which was 
loaded into the IR chamber and heated up 400 °C over night under reduced pressure of 10-3 
mbar. After the cell was cooled down to 50 °C the background spectra was recorded. Spectra 
were always collected as an average of 200 runs with 0.5 cm-1 definitions.  
The pyridine adsorption was carried out slowly where the catalyst was equilibrated with 
pyridine vapors at 50 °C. After 60 minutes evacuation, a spectrum was recorded and heated 
stepwise scanning with IR spectroscopy. 
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